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ABSTRACT 
Proliferation of weed seeds and pathogenic organisms in the soil can cause a decline 
of yield of strawberry grown continuously on the same site.  Rotations with cover crops or 
tillage have been found to mitigate this problem, but data are needed on the relative 
effectiveness of various potential rotations.  Conventional management of weeds and soil 
pathogens in strawberry can cause detrimental effects to the chemical, physical, and 
biological components of the soil and subsequently reduces plant vigor.  Previous research 
suggests that rotating cover crops with strawberry reduces weeds and soil pathogens and 
maintains the chemical, physical and biological components of the soil.   
We evaluated soil characteristics of seven monoculture cover crops (Panicum 
virgatum L., Andropogon gerardii Vitman, Lolium perenne L., Sorghastrum nutans (L.) 
Nash, Rudbeckia hirta L., Sorghum bicolor (L.) Moench, and Tagetes erecta L.), continuous 
tillage, and continuous ‘Honeoye’ strawberry during treatment establishment and after the 
rotation of the treatments with strawberry by the chemical, physical, and biological 
components of the soil.  A second objective was to evaluate type and biomass of weeds, 
density of lesion nematodes, and plant density and yield of strawberry among the rotation of 
those seven monoculture cover crops, continuous tillage, and continuous ‘Honeoye’ 
strawberry plots.  Plots were established in 1996 and maintained through 2005.  In 2005, 
treatments were tilled and ‘Honeoye’ strawberry plants were planted into the plots and were 
maintained until 2008.   
Chemical analyses of the soil showed minimum effects by treatments.  During 
treatment (1996 – 2005), plots of continuous tillage decreased water infiltration time and 
bulk density; however soil macro aggregate mass was lowest in plots of continuous tillage.  
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Physical components of the soil were further reduced in the continuous tillage plots during 
strawberry production (2005 – 2007).  Plots rotated with L. perenne showed high carbon 
utilization and mineralized nitrogen.  Plots rotated with T. erecta reduced overall biological 
activity in the first year after treatment, but effects were less after the second year of 
strawberry growth.  Plots of continuous tillage showed high microbial richness in the second 
year of strawberry production; however effects were not different after the third year of 
production.  
Monocot weed biomass was lowest in plots of continuous tillage or rotated with A. 
gerardii, P. virgatum, S. bicolor, and S. nutans.  Dicot weed biomass was lowest in plots of 
continuous tillage or rotated with S. bicolor.  Dicot weed biomass was greatest in plots of 
continuous strawberry and plots rotated with L. perenne.  Lesion nematode counts were 
below the threshold level for all treatments.  Strawberry plant density and yield of strawberry 
were greatest in plots tilled or rotated with A. gerardii, P. virgatum, S. bicolor, S. nutans, or 
T. erecta.   
Continuous tillage reduced organic carbon and nitrogen in the soil, broke down soil 
aggregate particles and reduced water infiltration, and showed biological variability in the 
soil.  Plots rotated with A. gerardii, L. perenne, P. virgatum, R. hirta, and S. nutans increased 
organic carbon and nitrogen, increased macro aggregate mass and water infiltration, and 
showed maintainable biological activity during strawberry production.  In addition, 
strawberry production areas tilled or rotated with A. gerardii, P. virgatum, S. bicolor, S. 
nutans, or T. erecta had lower weed biomass and greater plant establishment and yield of 
strawberry.  
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CHAPTER 1.  GENERAL INTRODUCTION 
Thesis Organization 
 The thesis is composed of four chapters that include a general introduction, the 
description of two experiments, and general conclusions. Chapter one consists of general 
introduction and literature review that encompasses both experiments. Each of the 
experiments is discussed separately in chapters two and three. A general conclusion of the 
two experiments is given in chapter four. 
Introduction 
Yield of strawberry can decrease in perennial, matted-row production systems due to 
the proliferation of weeds and pathogens in the soil (LaMondia et al., 2002; Pritts and 
Handley, 1998).  Weeds, nematodes, soilborne pathogens, and root insects can reduce 
strawberry plant vigor, damage roots, and subsequently reduce productivity and survival 
(LaMondia et al., 2002).  Research on the mitigation of weeds and pathogens has focused on 
chemical applications, such as soil fumigation and contact herbicides, and mechanical and 
cultural techniques, such as continuous tillage, plastic and biological mulches, and rotations 
with cover crops.  Strawberry growers implementation of conventional management 
practices has shown their concern about the decline of strawberry yield by weeds and 
pathogens rather than the detrimental effect to the soil from practices used to mitigate pests.  
However, pest mitigation in intensive annual and perennial cropping systems can be 
detrimental to soil chemical, physical, and biological characteristics that are necessary for 
proper plant vigor (Doran and Zeiss, 2000).  Rotation with cover crops has been shown to 
mitigate weeds and pathogens and reduce the detrimental effects from conventional 
management systems (Kennedy and Papendick, 1995). 
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Chemical inputs, such as methyl bromide, have reduced the impact of weeds and 
pathogens in strawberry production since the 1960s (Kabir et al., 2005; Wilhelm, 1966).  
Methyl bromide is a soil fumigant that sterilizes the soil, eliminating all biological activity in 
the soil (Ibekwe et al., 2001), and subsequently encouraging strawberry plant growth.  Dilley 
(2007) found that strawberry yield was greater in the first two years when plots were treated 
with fumigation compared to plots treated with conventional pesticides or organic 
management practices, but there were no differences in yield among treatments by the third 
year of production.  Seigies and Pritts (2006) found no difference in strawberry yield 
between plots rotated with fumigation compared to fallow.  The use of methyl bromide 
causes the depletion of the ozone layer surrounding the earth (Prather et al., 1984).  Under 
the Montreal Protocol and U.S. Clean Air Act, use of methyl bromide is being eliminated 
(Schneider et al., 2003); however exemptions have been made for tomato, nursery, and 
strawberry production (Perez-Sullivan, 2007).  Rotation with cover crops has been 
recommended to reduce tillage and the need for methyl bromide use and alleviate its 
detrimental affects to the soil (Reicosky and Forcella, 1998). 
In the Midwest, chemical inputs are generally applied to control weed populations 
during strawberry production.  Pritts and Kelly (1997 and 2001) found that early weed 
pressure reduces runner formation and yield of strawberry.  However, few herbicides are 
registered for weed management in strawberry production systems, and herbicide use is 
restricted to the timing of application and effectiveness on the pest populations (Whitworth, 
1995).  The effectiveness of pre-emergent herbicides in the spring is limited in the Midwest 
due to high rain accumulation.  Subsequently, broadleaf weeds that emerge are difficult to 
control in strawberry plantings because broadleaf chemical application is restricted to 
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renovation, when the plants are dormant (Pritts and Kelly, 1997).  Therefore, alternatives to 
chemical applications are needed to reduce the impact of weeds in strawberry production 
systems. 
Continuous tillage has been promoted to deplete the soil of weed seeds and 
pathogenic organisms by restricting the pests’ ability to reproduce (Shrestha et al., 2002).  
However, continuous tillage breaks down soil particle size and excessive driving over the soil 
causes compaction, consequently reducing crop vigor (Katsvairo et al., 2002; Kremer and Li, 
2003).   Continuously cultivating soil has also been shown to reduce organic carbon and total 
nitrogen (Doran and Parkin, 1996; Ingels et al., 2005; Ortega et al., 2002) and biological 
activity such as worm counts (Katsvairo et al., 2002) in the soil.  Although continuous tillage 
has been recommended in rotation with many cropping systems, there is a lack of literature 
that reports the chemical, physical, and biological characteristics of continuous tillage in 
rotation with strawberry production.  
 Plastic and biological mulches are an effective method to reduce weed proliferation.  
Mulches provide a barrier between the soil surface and sunlight and reduce weed germination 
(Forcella et al., 2003; Hancock et al., 1997).  Biological mulches, such as straw, add carbon 
to the soil and promote soil porosity by increasing biological (worm) activity.  Biological 
mulches also have the potential to release nutrients to the soil through microbial breakdown 
(Gunapala et al., 1998; Kremer and Li, 2003).  When applied directly to soil, plastic or straw 
mulch can be costly due to the need for annual reapplication.  Plastic mulch systems also 
incur environmental concerns by the use of non-biodegradable plastic and subsequent 
maintainable disposal (Black et al., 2002).  
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Rotations with cover crops have been found to alleviate the build-up of weeds and 
pathogens in the soil and maintain soil characteristics within annual and perennial cropping 
systems (Abawi and Widmer, 2000; Bailey and Lazarovits, 2003; Bordelon and Weller, 
1997; Khan et al., 1988; Reddy et al., 2003; Reicosky and Forcella, 1998; Singogo et al., 
1996; Stamatiadis et al., 1996; Unger and Vigil, 1998; Whitworth, 1995).  Rotation with 
cover crops has been found to sequester nutrients, reduce leaching, and enhance the cation 
exchange capacity.  In the soil, organic residues from fibrous root matter bind soil particles 
together reducing water and wind erosion and bulk density, and increasing water infiltration 
and retention (Dabney, 1998; Franzluebbers, 2002; Kremer and Li, 2003; Stamatiadis et al., 
1996).  Greater amounts of organic carbon can promote the diversification of biological 
activity in the soil (Abawi and Widmer, 2000; Barker and Koenning, 1998; Buckley and 
Schmidt, 2001; Chellemi and Rosskopf, 2004; Echtenkamp and Moomaw, 1989; Kremer and 
Li, 2003; Pankhurst et el., 2005; Peters et al., 2003; Reddy et el., 2003; Stamatiadis et el., 
1996; van Diepeningen et al., 2006).  Increased biological activity can promote weed seed 
predation and the competition between pathogenic organisms with nonspecific 
microorganisms (Abawi and Widmer, 2000; Bailey and Lazarovits, 2003; Barker and 
Koenning, 1998; Chellemi and Rosskopf, 2004; Kremer, 1993; Lumsden et al., 1983; 
Malajczuk, 1983; Manici et al., 2003; Manici et al., 2004; Manici et al., 2005; Martin and 
Bull, 2002; Pankhurst et al., 2005; Peters et al., 2003; van Bruggen and Semenov, 2000; 
Workneh and van Bruggen, 1994).  Rotation with non-host cover crops reduces pathogenic 
organisms and weed population due to the lack of substrate or predation by microorganisms 
(Bordelon and Weller, 1997; Creamer et al., 1996; Kremer and Li, 2003; LaMondia et al., 
2002; Reddy et al., 2003; Reicosky and Forcella, 1998; Sainju and Singh, 1997; Smeda and 
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Putman, 1988; Summers, 1999; Teasdale et al., 1991; Whitworth, 1995).  The major 
limitation of using rotation cover crops as a management technique is the length of time that 
the area is unavailable for strawberry production.  However, some cover crops, such as 
prairie plants and open pollinated flowers, can be used for an alternative cash crop for seed 
production (Dinnes et al., 2002).  Other cover crops can be established as forages intended 
for animal consumption.  
Rotations with cover crops are used predominantly in annual cropping systems, such 
as vegetables and agronomic crops, and long-term perennial plantings, such as apple and 
grape (Abawi and Widmer, 2000; Ingels et al., 2005; Bordelon and Weller, 1997; Merwin 
and Stiles, 1989). However, few studies have focused on the potential use of cover crops in 
rotation with strawberries to mitigate weeds and pathogens and maintain soil chemical, 
physical, and biological components. 
 Previous use of rotation cover crops has reduced pest populations in the soil.  Plots 
planted with Panicum virgatum, Andropogon gerardii, Sorghastrum nutans, and Rudbeckia 
hirta had low counts of pathogenic nematodes in the soil (McKeown et al., 1994; Seigies and 
Pritts, 2006).  Seigies and Pritts (2006) also showed greater plant biomass and yield of 
strawberry in pots grown with P. virgatum, S. nutans, and R. hirta compared with pots 
treated with methyl bromide fumigation or bare fallow soil.  Ecosystems of prairie plants 
grown in a polyculture have reduced weed growth compared with tillage or continuous 
cropping (Kremer and Li, 2003).  Ingels et al. (2005) showed reduced weed biomass and 
increased soil microbial activity in plots of grape using native perennial grasses as an alley 
cover crop.  Summers (1999) showed plots of P. virgatum and S. bicolor had similar 
percentage cover of weeds to tillage.  Midwest soils have been heralded for their deep, 
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nutrient rich, and biologically active characteristics.  Nevertheless, there are no references to 
show the chemical, physical, and biological influence on soil with monoculture cover crops 
of A. gerardii, P. virgatum, S. nutans, and R. hirta while in rotation with strawberry.  
 Turfgrasses, such as Poa pratensis L. and Lolium perenne L., are used in the fruit 
industry as alleyway ground covers because of their low maintenance and dormancy during 
high temperatures to decrease moisture stress.  The use of L. perenne intercropped between 
rows reduced strawberry yield compared with plots continuously tilled (Shanks and 
Chamberlain, 1993).  Merwin and Stiles (1989) found that a perennial grass mix including L. 
perenne in apple orchards reduced lesion nematode counts, but further investigation is 
necessary to evaluate L. perenne potential to reduce lesion nematodes.  The effects of L. 
perenne use as a rotation cover crop with strawberry and its influence on the soil are 
unknown. 
 Sorghum bicolor is used as a cover crop for its annual growing habit and biomass 
production incorporated into the soil as organic matter to improve soil structure (Ortega et 
al., 2002).  Plots rotated with S. bicolor had low counts of weeds and pathogenic nematodes 
and fungi (Elmer, 1999; Kratochvil et al., 2004; LaMondia et al., 2002; McSorley and 
Gallaher, 1993).  Ortega et al. (2002) found that polycultures that incorporated S. bicolor into 
the soil had higher total soil carbon and nitrogen.  However, S. bicolor has not been 
compared with perennial grass cover crops that require less input. 
 Tagetes erecta ‘Cracker Jack’ incorporated into the soil releases biochemicals that 
reduce endopathogenic nematodes (Ball-Coelho et al., 2003; Merwin and Stiles, 1989; 
Reynolds et al., 2000; Topp et al., 1998), but does not affect the number of pathogenic fungi 
or bacteria in the soil (Topp et al., 1998).  Seigies and Pritts (2006) showed strawberries 
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grown in pots with field soil rotated with T. erecta had greater yield than plots fumigated or 
bare fallow soil.  As a rotation cover crop, T. erecta reduced nematode presence below the 
economic threshold at a reduced cost compared with fumigation treatment (Ball-Coelho et 
al., 2003; Merwin and Stiles, 1989; Reynolds et al., 2000).  Lesions from nematodes are also 
considered important root infection sites of some pathogenic fungi, such as Rhizoctonia spp. 
and Pythium spp., the causal agents of black root rot.  Even though lesion nematodes are not 
known to be a significant problem in central Iowa, they can become potential pests when 
introduced into a favorable environment.  Previous research (Ball-Coelho et al., 2003; 
Bordelon and Weller, 1997; Chellemi and Rosskopf, 2004; Elmer, 1999; Ingels et al., 2005; 
Merwin and Stiles, 1989; Seigies and Pritts, 2006) has focused on the accumulation of weeds 
and pathogens in perennial fruit plantings of Malus spp. and Vitis spp. and annual vegetable 
plants, or the short-term benefits of the rotation with cover crops to mitigate weeds and 
pathogens on greenhouse-grown strawberry plants.  This experiment builds on that previous 
research by providing a long-term, field study with cover crops in rotation with strawberry to 
mitigate pest accumulation and increase strawberry growth while monitoring the influence of 
rotation cover crops on soil characteristics.   
The objectives of chapter two “Rotation with cover crops maintains soil chemical, 
physical, and biological characteristics in strawberry” were to compare: 1) soil chemical 
characteristics including NH4-N, NO3-N, P, K, Ca, Mg, pH, EC, organic carbon, and total 
nitrogen; 2) soil physical characteristics including bulk density, macro aggregate mass, and 
initial water infiltration; and 3) soil biological characteristics including mineralized nitrogen, 
carbon utilization, microbial richness, and fungal and bacterial colony forming units (CFU) 
in plots during treatment with continuous tillage, continuous ‘Honeoye’ strawberry, or 
  
8 
monoculture covers of P. virgatum, A. gerardii, L. perenne, S. nutans, R. hirta, S. bicolor, 
and T. erecta and then during strawberry production after the soil treatments. 
The objectives of chapter three “Rotation with cover crops increases plant density and 
yield of strawberry and suppresses soil pests” were to compare: 1) plant density of 
strawberry; 2) yield of strawberry; 3) biomass of weeds; and 4) density of lesion nematodes 
in strawberry roots in plots after the rotation of continuous tillage, continuous ‘Honeoye’ 
strawberry, or monoculture covers of P. virgatum, A. gerardii, L. perenne, S. nutans, R. hirta, 
S. bicolor, and T. erecta.   
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Abstract 
Conventional management of soil weeds and pathogens in strawberry involves 
detrimental effects to the chemical, physical, and biological components of the soil and may 
subsequently reduce plant vigor.  Rotating cover crops with strawberry can potentially reduce 
soil weeds and pathogens and maintain the chemical, physical, and biological components of 
the soil.  We evaluated seven monoculture cover crops (Panicum virgatum L., Andropogon 
gerardii Vitman, Lolium perenne L., Sorghastrum nutans (L.) Nash, Rudbeckia hirta L., 
Sorghum bicolor (L.) Moench, and Tagetes erecta L.), continuous tillage, and continuous 
‘Honeoye’ strawberry during treatment establishment and after treatment rotation with 
strawberry.  Plots were established in 1996 and maintained through 2005.  P. virgatum, A. 
gerardii, L. perenne, S. nutans, and R. hirta were maintained as perennials and T. erecta and 
S. bicolor were maintained as annuals.  In 2005, treatments were tilled and ‘Honeoye’ 
strawberry was planted into the plots.  Chemical, physical, and biological characteristics of 
  
17 
the soil were compared among treatments.  Chemical analyses (N, P, K, Ca, Mg, EC, and 
pH) of the soil showed minimal effects by treatment with cover crops.  During treatment 
(1996 – 2005), water infiltration time and bulk density was reduced in plots of continuous 
tillage; however, soil macro aggregate mass was lowest in plots of continuous tillage.  
Physical components of the soil were further reduced in the continuous tillage plots during 
strawberry production (2005 – 2007).  Plots rotated with L. perenne showed high carbon 
released during incubation and mineralized nitrogen.  Rotation with T. erecta reduced overall 
biological activity in the soil in the first year after treatment, but effects were less after the 
second year of strawberry growth.  Plots of continuous tillage showed the highest microbial 
richness in the second year of strawberry production; however, effects were not different 
among treatments after the third year of production.  However, continuous tillage reduced 
organic carbon and nitrogen in the soil, broke down soil aggregate particles, reduced water 
infiltration, and showed high microbial activity in the soil.  Plots rotated with A. gerardii, L. 
perenne, P. virgatum, R. hirta, and S. nutans had increased organic carbon and nitrogen, 
increased macro aggregate mass and water infiltration, and showed maintainable biological 
activity during strawberry production.  Cover crops of A. gerardii, L. perenne, P. virgatum, 
R. hirta, and S. nutans are recommended as low maintenance cover crops to alleviate the 
adverse effects of conventional pest management systems. 
Introduction 
Strawberry (Fragaria Xananssa Duch.) yields decrease in perennial, matted-row 
production systems over time due to the proliferation of weeds and pathogens in the soil, and 
replanting into the same site is known as replant disease (LaMondia et al., 2002; Merwin and 
Stiles, 1989; Pritts and Handley, 1998).  Continuous tillage and fumigation with methyl 
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bromide have been recommended to reduce replant disease in farm fields.  Methyl bromide is 
used to kill pathogenic organisms in the soil, but also kills all living organisms in the soil.  
This allows for repopulation by microbes in the soil, including pathogenic organisms.  
Continuous tillage causes compaction and erosion, destroying the soil structure.  These 
management practices increase first-year productivity, but eventually cause reduced plant 
vigor (Doran and Zeiss, 2000; Newenhouse and Dana, 1989).  Rotation with cover crops has 
been recommended to reduce tillage and the need for methyl bromide use and alleviate its 
detrimental affects to the soil (Reicosky and Forcella, 1998).  Previous studies (Ball-Coelho 
et al., 2003; Bordelon and Weller, 1997; Ingels et al., 2005; Merwin and Stiles, 1989; Morlat 
and Jacquet, 2003; Siegies and Pritts, 2006) indicate that rotation with cover crops mitigates 
pests, but few references observe the long-term effects of cover crops on the soil when in 
rotation with strawberry.  
Rotations with cover crops alleviate the build-up of weeds and pathogens in the soil 
and maintain soil characteristics of perennial crop systems (Bordelon and Weller, 1997; 
Reicosky and Forcella, 1998; Unger and Vigil, 1998; Whitworth, 1995).  Cover crops grown 
in rotation with cash crops sequester nutrients, reduce leaching, and enhance cation exchange 
capacity.  In the soil, organic residues bind soil particles together, reducing water and wind 
erosion and bulk density, and increasing water infiltration and retention (Dabney, 1998; 
Franzluebbers, 2002; Reicosky and Forcella, 1998).  Franzluebbers (2002) found that after 
many years of tillage, soil physical structure was reduced due to the loss of organic matter.  
Organic matter accumulated from cover crops increased nitrogen cycling and promoted 
biological activity in the soil (Buckley and Schmidt, 2001; Peters et al., 2003; Reddy et al., 
2003; Sainju and Singh, 1997).   Biological activity was greater under cropping systems with 
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no-till compared with continuous tillage (Ingels et al., 2005; Reddy et al., 2003; Reicosky 
and Forcella, 1998); however, Buckley and Schmidt (2001) found that microbial diversity 
was not different among cropping systems in fields that were heavily tilled compared to 
fields that had not been tilled for nine years.  No studies have focused on the microbial 
community in strawberry after rotation with cover crops in comparison with continuous 
strawberry or continuous tillage. 
 Few studies observe the rotation of cover crops with strawberry production.  Plots 
planted with Panicum virgatum, Andropogon gerardii, Sorghastrum nutans, and Rudbeckia 
hirta had low counts of nematodes in the soil (McKeown et al., 1994; Seigies and Pritts, 
2006).  Ingels et al. (2005) showed increased soil microbial activity in plots of grape using 
native perennial grasses as an alley cover crop.  Midwest soils have been heralded for their 
deep, nutrient rich, and biologically active characteristics.  However no references indicate 
the effects of monoculture of prairie cover crops on the chemical, physical, and biological 
attributes of the soil while in rotation with strawberry.  
 Turfgrasses, such as Poa pratensis L. and Lolium perenne L., are used in fruit crop 
production as alleyway ground covers because of their low maintenance and dormancy 
during the summer.  Merwin and Stiles (1989) used a perennial grass mix including L. 
perenne in apple orchards and found low lesion nematode counts.  Klik et al. (1998) showed 
that perennial grass mixtures containing L. perenne had low water requirements and provided 
sufficient soil cover in between rows in a vineyard; however, L. perenne reduced water 
availability for root growth when intercropped with apple and grape (Merwin et al., 1994; 
Morlat and Jacquet, 2003).  Bergström and Jokela (2001) found that intercropping L. perenne 
reduced nitrate leaching, but also reduced barley plant vigor in the second year of growth.  
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Newenhouse and Dana (1989) found L. perenne interplanted with strawberry reduced 
compaction compared to clean tillage, without reducing yield of strawberry.  
 Sorghum bicolor is used as a cover crop for its annual growing habit and addition of 
organic matter to improve soil structure (Ortega et al., 2002).  Ortega et al. (2002) found that 
polycultures incorporating S. bicolor accumulated carbon and nitrogen in the soil.  Dabney 
(1998) concluded that the S. bicolor root system alleviated compaction, further reducing 
erosion and increasing the ability for water infiltration into the soil. 
 Tagetes erecta ‘Cracker Jack’ incorporated into the soil releases biochemicals that 
reduce pathogenic nematodes (Ball-Coelho et al., 2003; 1989; Reynolds et al., 2000; Topp et 
al., 1998).  Plots of T. erecta did not affect microbial abundance in the soil (Topp et al., 
1998). 
 Previous research has focused on soil characteristics in Malus spp. and Vitis spp. 
plantings.  Our experiment builds on that research by providing a long-term field study 
observing soil chemical, physical, and biological characteristics during treatment with cover 
crops and during the production of strawberry after the treatments with cover crops.  The 
objectives of this study were to compare: 1) soil chemical characteristics including NH4-N, 
NO3-N, P, K, Ca, Mg, pH, EC, organic carbon, total nitrogen; 2) soil physical characteristics 
including bulk density, macro aggregate mass, initial water infiltration; and 3) soil biological 
characteristics including mineralized nitrogen, carbon utilization, microbial richness which 
indicates soil microbial growth over time (Zak et al., 1994), and fungal and bacterial 
populations in plots during the treatment of plots with continuous tillage, continuous 
‘Honeoye’ strawberry, or monoculture covers of P. virgatum, A. gerardii, L. perenne, S. 
nutans, R. hirta, S. bicolor, and T. erecta, and during strawberry production after the cover 
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crop treatment.  The hypothesis of this study is plots rotated with cover crops would maintain 
soil chemical, physical, and biological characteristics compared to plots of continuous tillage 
or plots of continuous strawberry production. 
Materials and Methods 
 Cover crop rotation.  Field treatments were located at the Iowa State Univ. 
Horticulture Research and Demonstration Station near Ames, IA in a Clarion loam (2% to 
9% slope, mixed mesic Typic Hapludoll).  Prior to treatment establishment in 1996, the area 
was in strawberry production and soil analyses showed 2.8% organic matter, pH of 6.4, and 
sufficient levels of P and K.  In 1996, the strawberry plants were tilled into the soil, and the 
site was prepared for treatment establishment.  Treatments were established 22 May 1996 in 
6.1 m x 6.1 m plots.  The experiment was a randomized complete block design with three 
replications of nine treatments.  All plots were seeded (Table 1) in spring 1996 and irrigated 
by rainfall.  Plugs of A. gerardii were started in a greenhouse and planted in summer 1996 
because plots did not establish by seeding.  Perennial treatment plots of A. gerardii, L. 
perenne, P. virgatum, and S. nutans were not tilled, but were burned in spring 1997, 1998, 
2001, and 2005.  Annual treatments plots of T. erecta and S. bicolor were tilled and seeded 
yearly.  Treatment plots of R. hirta were not tilled, but over seeded yearly.  Treatment plots 
of continuous tillage were tilled 3-4 times during the growing season and not allowed to 
establish permanent plant cover.  Treatment plots of continuous strawberry were maintained 
as matted-row strawberries that were covered with oat straw at a rate of about four tons per 
acre for winter protection.  Straw mulch was moved to the area between the strawberry rows 
in the spring and allowed to decompose.  Treatments received no fertilizer during 
maintenance. 
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 Strawberry rotation.  Cover crop treatments were terminated in spring 2005 by 
burning surface plant debris, and tilling 15 cm into the soil.  Plants of ‘Honeoye’ strawberry 
were placed 46 cm apart in five rows. The rows were spaced 1 m apart.  Plants were mulched 
with oat straw at a rate of about four tons per acre in November for over-wintering in fall 
2005, 2006, and 2007.  Straw mulch was moved to the area between the strawberry rows and 
allowed to decompose in the spring.  Strawberry plants received 2.5 cm of rainfall or 
supplemental overhead irrigation per week during the growing season.  Renovation was 
conducted in July 2006 and 2007, after harvest, and included herbicide application, leaf 
removal, and narrowing of matted rows (Pritts and Handley, 1998).  All treatment plots were 
fertilized in 2005, 2006, and 2007 at the rate of 56 kg/hectare of N in late summer (after 
renovation) and 34 kg/hectare of N in fall by hand over the strawberry rows. 
Soil sample collection.  Soil samples were collected in Oct or Nov of 1997 and 1998 
(years of treatment plot establishment), 2001 and 2002 (years of maintenance), and in 2004 
and spring 2005 before tilling (final years) during treatment and collected in Oct or Nov of 
2005, 2006, and 2007 during strawberry production.  Ten soil cores (3.2 cm in diameter) 
were collected from each treatment plot to a depth of 15.2 cm for analysis.  During the years 
of treatment, soil samples were collected randomly from the center 4.9 m x 4.9 m area of 
each plot obtained in an x pattern.  During the years of strawberry production, soil samples 
were collected from the three strawberry rows within the center 4.9 m x 4.9 m area of each 
plot.  Analyses included NO4-N (years of maintenance, 2005, 2006, and 2007), NO3-N (years 
of maintenance, 2005, 2006, and 2007), P (all years), K (all years), Mg (all years), Ca (all 
years), bulk density (years of maintenance, final years, 2005, 2006, and 2007), gravimetric 
water (years of maintenance, final years, 2005, 2006, and 2007), total nitrogen (all years), 
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organic carbon (all years), EC (all years), pH (all years), macro aggregate mass (all years), 
initial water infiltration (all years), carbon released during incubation (final years, 2005, 
2006, and 2007), mineralized nitrogen (final years, 2005, 2006, and 2007), microbial richness 
(2005, 2006, and 2007), and CFU of bacteria and fungi (2005, 2006, and 2007).  Field-moist 
soil cores were mixed within each plot, placed into a plastic bag, and refrigerated at 2-4 °C.  
Soil was sieved through 8-mm mesh and analyzed for bulk density, gravimetric water, and 
inorganic N extraction.  The remaining soil was air dried for 72 hrs at 22-23 °C and used to 
assess macro aggregate mass, pH, and electrical conductivity.  The air-dried soil was sieved 
through 2-mm mesh for P, K, Mg, and Ca analysis and tests of carbon utilization and 
mineralized nitrogen.  A sample of air-dried soil was ground for total N and organic C 
analysis. 
 Chemical and physical soil tests.  Percentage water content was determined by oven 
drying 20 g field moist soil for 24 h at 110 °C.  Bulk density was estimated as the grams per 
cm3 from the complete soil sample collected.  Inorganic N was extracted from field moist soil 
with 2 M KCl.  Extracted solute was analyzed to quantify NO3 -N and NH4-N forms of N 
using injection technology (Lachat Instruments, Milwaukee, WI).  Electrical conductivity 
and pH were determined by a 1:1 ratio of 8-mm sieved air-dry soil and water (Watson and 
Brown, 1998; Whitney, 1998).  K, Ca, Mg were extracted from air-dried soil with 1 M 
ammonium acetate (Warncke and Brown, 1998).  P was extracted from air-dried soil with 
Bray extraction solution (Frank et al., 1998).  Soil total N and organic C were determined 
from ground, air-dried soil using dry combustion methods (Combs and Nathan, 1998) in a 
Carlo-Erba NA 1500 NCS elemental analyzer (Haake Buchler Instruments, Paterson, NJ).  
Macro aggregate mass was determined by the dry (70 °C for 24 h) cumulative weight from 
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wet sieving 100 g of air dried soil through 4, 2, 1, 0.5, and 0.25 mm mesh by repeatedly 
moving the set of sieves while submerged in water for 5 min.  Initial water infiltration was 
conducted in the field using the single-ring infiltrometer method by measuring the time for 
2.54 cm of water to move below the soil line (Lowery et al., 1996). 
 Biological soil tests.  Carbon utilization was measured by the base trap method 
(Zibilske, 1994).  Placed within a sealed 400 ml canning jar were three, 7 DR plastic vials.  
One vial contained 20 g of air-dried soil remoistened to 60 % water-filled pore space.  The 
second vial contained 10 ml of CO2-free water that had been agitated and boiled for five 
minutes.  The third vial contained 10 ml of CO2 free, 1 N NaOH that was set up on day one 
then titrated with 0.5 N HCl and 3 N Barium Chloride, and refilled after 7 d, 14 d, and 28 d 
for cumulative CO2 accumulation.  After 28 d of incubation, the soil in the plastic vial was 
extracted with 2 M KCl.  A non-incubated soil sample was extracted with 2 M KCl. 
Cumulative nitrogen was determined by enumerating NO3 -N and NH4-N forms of nitrogen 
using injection technology (Lachat Instruments, Milwaukee, WI).  The non-incubated 
nitrogen was subtracted from the incubated to estimate the nitrogen mineralized by 
microorganisms in the soil (Drinkwater et al., 1996) 
 Microbial richness was determined from BiologTM Ecoplates.  The Biolog Ecoplate is 
a 96-well dish that replicates 31 substrates and water to monitor soil microbial utilization of 
the substrate.  A color change forming the metabolic fingerprint is monitored over time to 
calculate microbial richness.  The microbial richness is a direct correlation of the functional 
diversity of microbes utilizing carbon substrates within the soil (Zak et al., 1994).  Ten soil 
cores were collected to a depth of 7.6 cm with a probe that was surface sterilized between 
plots in October 2005, 2006, and 2007 from plots of continuous strawberry, continuous 
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tillage, and plots rotated with R. hirta, P. virgatum, and T. erecta.  Soil cores were collected 
from the three strawberry rows within the center 4.9 m x 4.9 m area of each plot.  Soil cores 
were passed through an 8-mm sieve to remove large organic plant debris, transferred to 
plastic bags and refrigerated at 2 – 4 oC for ≤ 24 h (Dick et al., 1996).  Soil was diluted to 10-
3 in sterile buffer solution (0.0125 M solution of KH2PO4 and Na2HPO4 at pH of 7.1) and 
placed at 22-23 oC for 24 h.  Gravimetric water was determined by oven drying 10 g of field 
moist soil for 24 h at 110 oC.  Microbial functional diversity was conducted with sterile 
Biolog Ecoplates (Biolog Inc., Hayward CA).  The 10-3 soil buffered solution was dispersed 
using a multi-channel pipette. The pipette dispersed 0.15 ml of dilution into each well of the 
plate.  The inoculated plates were placed in the dark at 22-23 oC to incubate and absorbance 
readings were taken at 0, 24, 48, and 72 h.  Sample absorbance was measured at 799 nm in 
2005 and 2006 using a CERES 900C plate reader (Bio-Tek Instruments, Inc., Winnooski, 
VT) and in 2007 using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, 
CA.).   
 Further dilutions of the soil solution were completed to 10-6 and 10-5 for bacteria and 
fungi direct plate counts, respectively. Bacteria and actinomycetes were cultured on Egg 
Albumin Agar consisting of 1 g/L glucose, 0.5 g/L K2HPO4 (dibasic), 0.2 g/L MgSO4·7H2O, 
0.02 g/L Fe2(SO4)3·9H2O, 0.25 g/L egg albumin in 5 ml H2O and dissolved with 0.1 N 
NaOH, 15 g/L agar, and pH is adjusted to 7.2.  Fungi were plated on Martin’s Medium 
consisting of 10 g/L glucose, 5 g/L peptone, 1 g/L KH2PO4 (monobasic), 0.03 g/L rose 
bengal, 0.5 g/L MgSO4.7H2O, 20 g/L agar, and 0.1 g/L of streptomycin after melting of agar.  
Microbial colonies were counted with a dissecting microscope after plates were placed in 
darkness at 22 to 23 oC for 168 h.  
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 Data analysis.  Soil variables collected in fall 1997 and 1998 were pooled as 
establishment years, those collected in fall 2001 and 2002 were pooled as maintenance years, 
and those in fall 2004 and spring 2005 were pooled as final years.  Data were pooled to 
reduce sample variability within a given treatment (Mead et al., 2003).  Treatment variables 
were analyzed using the Proc GLM procedure for multiple comparisons of least significant 
differences tests among treatments.  Soil biological richness was analyzed by comparing the 
slopes of the line created from absorbance readings after 24, 48, and 72 h of incubation.  
Richness was calculated from substrates averaged into six categories including polymers, 
carbohydrates, carboxylic acids, amino acids, amines, and phenolic compounds according to 
Zak et al. (1994).  Slopes were compared using Proc GLM for multiple comparisons among 
treatments. 
Results 
 Soil chemical analysis during cover crop rotation.  Potassium concentration was 
highest in plots of T. erecta and S. nutans during years of establishment and maintenance 
(Appendix Table 1), but there was no difference among treatments during the final years.  
During the years of establishment, phosphorus concentration was highest in plots of 
continuous strawberry and T. erecta (Appendix Table 2).  During the years of establishment, 
calcium concentration was highest in plots of continuous tillage, S. bicolor, L. perenne, and 
R. hirta (Appendix Table 3).  During the years of establishment, magnesium concentration 
was highest in plots of continuous tillage, L. perenne, R. hirta, and S. bicolor (Appendix 
Table 4).  Phosphorus, calcium, magnesium, and total organic nitrogen were not different 
among treatments during the years of maintenance or the final years (Appendix Tables 2, 3, 
and 4 and Table 2, respectively).  During the years of establishment, total organic nitrogen 
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was greatest in plots of continuous strawberry and L. perenne (Table 2).  During the years of 
establishment and the final years, organic carbon was greatest in plots of continuous 
strawberry (Table 2).  During the years of establishment, EC was highest in plots of 
continuous tillage (Appendix Table 5).  During the final years, EC was greatest in plots of P. 
virgatum.  There were no differences in soil EC, initial NH4-N and NO3-N, or organic carbon 
among treatments during the years of maintenance (Appendix Tables 5, 6, and 7 and Table 2, 
respectively).  Soil NH4-N and NO3-N data were not collected during the years of 
establishment or the final years.  There were no differences in soil pH among treatments 
during establishment, maintenance, or final years (Appendix Table 8).   
Soil physical analysis during cover crop rotation.  During the years of establishment, 
bulk density and macro aggregate mass were not different among treatments (Table 3).  
During the years of maintenance and the final years, bulk density was greatest in plots of A. 
gerardii and P. virgatum, respectively (Table 3).  During the maintenance and final years, 
macro aggregate mass was greatest in plots of R. hirta and A. gerardii and lowest in plots of 
continuous tillage (Table 3).  Over all years of treatment, initial water infiltration was slower 
in plots of P. virgatum or A. gerardii and fastest in plots of continuous tillage, continuous 
strawberry, T. erecta, and S. bicolor (Appendix Table 9). 
Soil biological analysis during cover crop rotation. Plots of L. perenne had the 
greatest carbon utilization and mineralized nitrogen during the final years (Table 4).  Carbon 
utilization and mineralized nitrogen was lowest in plots of continuous tillage and plots of T. 
erecta (Table 4). Carbon utilization and mineralized nitrogen were not analyzed for the years 
of establishment or maintenance. 
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Soil chemical analysis during strawberry rotation.  NH4-N was similar among 
treatments in 2005 (Appendix Table 11).  In 2006, NH4-N concentration was greatest in plots 
rotated with R. hirta.  In 2007, NH4-N concentration was greater in plots of continuous 
strawberry than plots rotated with R. hirta, T. erecta, and P. virgatum.  In 2005, 2006, and 
2007, NO3-N concentration was consistently highest in plots of continuous strawberry 
(Appendix Table 12).  Potassium, phosphorus, magnesium, and calcium concentrations in the 
soil were not different among treatments in 2005, 2006, or 2007 (Appendix Tables 13, 14, 
15, and 16).  In 2005 and 2006, total nitrogen and organic carbon concentrations were greater 
in plots rotated with L. perenne than in plot of continuous tillage (Table 5).  Total nitrogen 
and organic carbon concentrations were not different among treatments in 2007 (Table 5).  In 
2005, soil pH was greater in plots rotated with P. virgatum than plots of continuous 
strawberry (Appendix Table 17).  Soil pH was not different among treatments in 2006 and 
2007.  In 2005, 2006, and 2007, EC was greatest in plots of continuous strawberry and L. 
perenne (Appendix Table 18).  
 Soil physical analysis during strawberry rotation.  In 2005 and 2007, bulk density 
was greatest in plots of continuous tillage (Table 6).  Bulk density was not different among 
treatments in 2006.  Initial water infiltration was not different among treatments in 2005 or 
2006.  In 2007, initial water infiltration took the most time to penetrate the soil in plots of 
continuous tillage and the least amount of time in plots rotated with P. virgatum and R. hirta 
(Appendix Table 20).  In 2005, 2006, and 2007, macro aggregate mass was lowest in plots of 
continuous tillage (Table 6). 
 Soil biological analysis during strawberry rotation.  In 2005, 2006, and 2007, carbon 
utilization was lowest in plots of continuous tillage and plots rotated with T. erecta (Table 7).  
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In 2005, 2006, and 2007, mineralized nitrogen was lowest in plots of continuous tillage and 
plots rotated with T. erecta, S. bicolor (Table 7).  In 2005, microbial richness was lower in 
plots rotated with T. erecta than plots of continuous strawberry, continuous tillage, or plots 
rotated with R. hirta or P. virgatum (P ≤ 0.01) observing during the utilization of amino acid, 
amine, carboxylic acid, carbohydrate, polymer, and phenolic compound substrates (Table 8).  
Microbial richness was greater in plots of continuous strawberry than plots of continuous 
tillage (P ≤ 0.10) or rotated with R. hirta (P ≤ 0.05) observed during the utilization of 
polymer substrates in 2005.  In 2006, microbial richness was greatest in plots of continuous 
tillage and lowest in plots rotated with P. virgatum (P ≤ 0.05) in all substrate groups (Table 
8).  In 2007, microbial richness was lower in plots of continuous tillage than plots rotated 
with R. hirta (P ≤ 0.10) or P. virgatum (P ≤ 0.05) observed during utilization of amine 
substrates (Table 8).  Microbial richness was similar among treatments in 2007 observed 
during the utilization of amino acid, amine, carboxylic acid, carbohydrate, polymer, and 
phenolic compound substrates.  In 2005, the number of bacterial CFU were greater in plots of 
continuous strawberry than plots rotated with R. hirta, T. erecta, or P. virgatum (Table 9).  
The number of bacterial CFU were not different among treatments in 2006 and 2007.  In 
2005 and 2007, the number of fungal CFU were greater in plots of continuous tillage than 
plots of continuous strawberry (Table 9).  The number of fungal CFU were not different 
among treatments in 2006. 
Discussion 
Soil chemical analysis during cover crop rotation.  The high organic carbon and total 
nitrogen found in plots of continuous strawberry during the years of treatment establishment 
may have been caused by the decomposition of mulch over multiple years of mulching 
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strawberry plants for winter protection.  The fact that no differences among treatments were 
found for total nitrogen in the maintenance and final years and organic carbon in the years of 
maintenance suggested that when the cover crops became established and were growing, 
their plant biomass provided nitrogen and carbon to the soil similarly to the application of 
straw.  Our study showed that plots of L. perenne consistently had the highest average 
organic carbon and nitrogen of the cover crops observed, which is consistent with previous 
research.  Marquez et al. (2004) showed that cool season grasses, such as L. perenne provide 
more organic carbon to the soil than warm season grasses, such as A. gerardii, S. nutans, and 
P. virgatum due to the more fibrous root system of L. perenne.  The plots of continuous 
tillage and the annual cover crops of T. erecta and S. bicolor were tilled more frequently, 
which may have led to the lower amount of organic carbon and nitrogen.  The results are 
similar to Klik et al. (1998)’s findings that organic matter is lost at a faster rate when 
vineyards were intensively tilled compared to no-till. Franzluebbers (2002) and Ortega et al. 
(2002) showed that organic carbon and nitrogen levels decline in a continuous tillage system 
compared to a no-till system, which subsequently reduces crop productivity.  In addition, 
Franzluebbers (2002), Reicosky et al. (1995), and Sainju and Singh (1997) showed increased 
organic carbon and nitrogen when annual cover crops were planted for six years, similarly to 
our results that show greater organic carbon and nitrogen in annual cover crops (T. erecta and 
S. bicolor) compared to continuous tillage plots.  The minimal differences that occurred 
among treatments during the years of establishment for the variables phosphorus, potassium, 
calcium, magnesium, EC, total nitrogen, and organic carbon were assumed to be from slight 
variations in the soil profile over a large area and were anticipated in a large-scale field 
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study.  Soil fertility data ranged in moderate to adequate levels for the production of 
strawberry.  
Soil physical analysis during cover crop rotation. Franzluebbers (2002) and Reicosky 
et al. (1995) suggested that overall soil conditions were not different after several years of 
treatment comparing rotation with cover crops and tillage. This was similar to our results that 
showed no differences in bulk density and macro aggregate mass among treatments during 
the years of treatment establishment.  Dabney (1998), Franzluebbers (2002), and Klik et al. 
(1998) showed that macro aggregate mass was greater in perennial or no-till systems 
compared to continuous tillage or annual tillage systems.  Similarly, our study showed macro 
aggregate mass was greater in plots of R. hirta and A. gerardii and lowest in plots of 
continuous tillage after several years of cover crop growth.  Perennial cover crops of P. 
virgatum or A. gerardii showed slower initial water infiltration rates than annually tilled plots 
of continuous tillage, continuous strawberry, T. erecta, and S. bicolor.  Dabney (1998), 
Marquez et al., (2004), Reicosky and Forcella (1998), and Sainju and Singh (1997), suggest 
that cover crops generally increase water infiltration, but Dabney (1998), Reicosky et al. 
(1995), and Stamatiadis et al. (1996) also suggest infiltration becomes greater in areas of 
annual tillage due to large pores made by machinery when compared to perennial cover 
crops.  Similarly, during the years of maintenance and the final years, plots of A. gerardii and 
P. virgatum had higher bulk density compared to continuous tillage.  However, studies 
(Dabney, 1998; Marquez et al., 2004; Reicosky et al., 1995; Reicosky and Forcella, 1998; 
Sainju and Singh, 1997; Stamatiadis et al., 1996) have shown that the increase of infiltration 
and decrease of bulk density are transient and will degrade over time because of reduced 
aggregate size and loss of organic matter. 
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Soil biological analysis during cover crop rotation.  Decomposition is dominated by 
microbial activities (Zak et al., 1994), but Zak et al. also suggested that microbial 
composition may not be different when comparing conventional tillage to no-till fields after 
nine years of observations.  Long-term land management systems influence soil 
characteristics, especially after prolonged conventional tillage (Zak et al., 1994).  In contrast 
to Zak et al. (1994), our data indicates that carbon utilization and mineralized nitrogen were 
greater in plots of L. perenne compared to continuous tillage and plots of T. erecta.  These 
results suggest that cover crops of L. perenne enhance microbial activity in the soil in relation 
to carbon utilization and mineralizing nitrogen.  Microorganisms can alter nutrient solubility 
making nutrients more available to plants; however, Kennedy and Papendick (1995) stress 
that an increase in soil microbial activity should not always be interpreted as beneficial 
because increased mineralized nitrogen in the soil could increase leaching and runoff.  
Increased carbon dioxide released from soil microbes contributes to atmospheric carbon 
dioxide, which can lead to environmental issues.  Pathogenic organisms may also have 
contributed to increased fungal and bacterial CFU.  Kennedy and Smith (1995) showed that 
carbon utilization and mineralized nitrogen were greater in prairie systems compared to 
continuous tillage, which was similar to our results.  Our monoculture prairie plant covers (R. 
hirta, A, gerardii, P. virgatum, and S. nutans) were on average greater in carbon utilization 
and mineralized nitrogen.  However, results of carbon utilization and mineralized nitrogen 
were generally not different among prairie plant covers, which may have occurred due to the 
monoculture cover crop growth potentially reducing overall microbial diversity and induced 
stress by imposed management systems suggested by Kennedy and Smith (1995). 
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Soil chemical analysis during strawberry rotation.  During strawberry production, 
plots rotated with L. perenne had the high amounts organic carbon and total nitrogen.  
Bergström and Jokela (2001) found similar results to our findings that total nitrogen and 
organic matter concentrations were greater in plots rotated with L. perenne in 2005 and 2006.  
However, by the third year of strawberry growth (2007), there were no treatment differences, 
suggesting that total nitrogen and organic carbon effects are limited in L. perenne after 
several years of a strawberry management system.  Reicosky et al. (1995) found that after 
years of decomposition, organic matter additions from rotation cover crops in the soil 
becomes limited and the effects from the cover crops are lost.  In the Midwest, matted-row 
strawberry production methods can be supplemented with organic matter (ie. total nitrogen 
and organic carbon) by straw mulch application for winter protection.  The addition of 
organic matter by straw application is shown in Table 5, which shows the gradual increase of 
total nitrogen and organic carbon from 2005 to 2007 during intensive strawberry production 
practices.  This idea is further emphasized by the results of 2007 that show no difference 
between all rotated treatments for total nitrogen and organic carbon.  This contradicts 
Franzluebbers (2002) and Reicosky et al. (1995) which suggest changes in soil characteristics 
require many years to change; however, we agree that high application of straw for winter 
protection and incorporated into the soil is specific for strawberry production and may not be 
suitable or economical for production of other plant crop systems.  The variables NH4-N, 
NO3-N, phosphorus, potassium, calcium, magnesium, EC, and pH ranged in moderate to 
adequate levels for the production of strawberry. 
 Soil physical analysis during strawberry rotation.  Average bulk densities and initial 
water infiltration times were highest in plots of continuous tillage resulting in poor soil 
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permeability.  Similar results occurred in macro aggregate mass, which showed the smallest 
aggregates to be in plots of continuous tillage.  Previous researchers (Dabney, 1998; Marquez 
et al., 2004; Reicosky et al., 1995; Reicosky and Forcella, 1998; Sainju and Singh, 1997; 
Stamatiadis et al., 1996) have found similar results showing long-term tillage causes 
destruction of soil aggregates, which subsequently cause denser soils that reduce water 
infiltration.  Although strawberry production techniques require tillage for renovation, our 
study shows that rotations with cover crops reduces the destructive nature of tillage. 
 Soil biological analysis during strawberry rotation.  Carbon utilization and 
mineralized nitrogen were lowest in plots of continuous tillage and plots rotated with T. 
erecta and suggest reduced microbial activity.  However, when comparing microbial 
richness, bacterial and fungal CFU in plots of continuous tillage to plots rotated with T. 
erecta, we find that microbial richness and abundance is higher in plots of continuous tillage 
and lower in plots rotated with T. erecta during the first year of strawberry production.  
These analyses in conjunction suggest that microbial populations were higher in plots of 
continuous tillage, while microbe populations were reduced in plots rotated with T. erecta.   
This contradicts Topp et al. (1989) who determined T. erecta did not reduce overall microbial 
populations and Seigies and Pritts (2006) that showed no difference in bacterial and fungal 
CFU when comparing plots rotated with a mixture containing marigold to continuous 
strawberry.  These results also suggest that microbe populations are much more stable in 
continuously tilled fields, which was similar to Zak et al. (1994).  Zak et al. (1994) showed 
that microbial communities were not different after nine years of no-till compared to tillage.   
Kennedy and Smith (1995) showed that tilled sites had greater microbial diversity 
(richness) and were more adaptable to induced stresses compared to non-tilled sites. This was 
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similar to our results in 2006 (the second year of strawberry production and after the first 
application of straw for winter mulch) when we observed the lowest average microbial 
richness in plots of P. virgatum.  However, we did not observe lower overall microbial 
activity (Table 9) in the plots rotated with P. virgatum, which suggests the evaluation of 
microbial activity requires different analyses that take into account substrate richness, 
evenness, and diversity.  Few studies have looked at cover crops rotations using P. virgatum 
but, Kennedy and Papendick (1995), Kennedy and Smith (1995), and Zak et al. (1994) all 
suggest that there are more complex microbial communities in ecosystems with prairie plants 
than in tilled areas.  By 2007, our results showed microbial richness was similar among all 
treatments, suggesting that early treatment effects were lessened due to straw application for 
winter protection.  Microbial richness was not measured in plots rotated with A. gerardii and 
S. nutans, but we suspect that these perennial, warm-season grasses would have similar 
results to P. virgatum based upon similar carbon utilization and mineralized nitrogen results 
and research conduced on prairie plants by Kennedy and Papendick (1995), Kennedy and 
Smith (1995), and Reicosky and Forcella (1998).  
Overall summary of soil analysis. Cropping systems that use continuous tillage 
initially increase bulk density and increase initial water infiltration, but also reduce macro 
aggregate size and alter temperature, aeration, and moisture content which hastens soil 
carbon and nitrogen utilization by microorganisms (Franzluebbers, 2002; Klik et al., 1998; 
Ortega et al., 2002; Sainju and Singh, 1997).  Further degradation by tillage causes increased 
bulk density and time for water to infiltrate the soil, leading to loss of nutrients by erosion 
(Dabney, 1998; Sainju and Singh, 1997).  Rotation of cropping systems with cover crops 
reduces and, with time, can reverse the detrimental effects of tillage to the soil. Cover crops 
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replenish organic carbon and nitrogen and increase macro aggregate size and water 
infiltration rates which decrease erosion even after incorporation with tillage (Dabney, 1998; 
Klik et al., 1998; Sainju and Singh, 1997).  
Zak et al. (1994) suggested that there is a correlation between carbon and nitrogen 
utilization by microbes.  However, in plot rotated with S. bicolor carbon utilization was high 
while mineralizable nitrogen was low compared to other rotation cover crops.  These same 
results occur during the first year of strawberry production (2005) in plots rotated with A. 
gerardii, P. virgatum, and S. nutans, which suggests that these cover crops provide greater 
carbon in the soil.  Nitrogen applied in the early fall for strawberry development can increase 
total nitrogen in the soil, but based on leaf analysis, nitrogen was not limiting during 
strawberry production (data not shown). 
Marquez et al. (2004) showed that cool-season grasses, such as L. perenne, produced 
more organic matter and increased aggregate stability than perennial warm season grasses 
such as P. virgatum, S. nutans, and A. gerardii which all have coarse root growth.  This 
response was observed during treatment with cover crops.  During the production of 
strawberries, macro aggregate mass and organic carbon were similar among plots rotated 
with L. perenne and warm-season grasses. 
Long-term rotations with cover crops encourage reduced tillage or no-till 
management systems (Franzluebbers, 2002).  Questions arise about the length of time 
required for a rotation to change soil properties.  Previous research conducted on two-year 
rotations (Seigies and Pritts, 2006) showed little change in microbial communities when 
comparing management techniques. When comparing cover crop rotations lasting five years 
to tillage, tilled fields showed a decrease in organic matter (Reicosky et al., 1995).  Seven-
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year rotations of cover crops show macro aggregates are greater under covers of warm season 
grass, P. virgatum, when compared to cool-season grasses (Marquez et al., 2004).  Nine years 
of no-till showed similar microbial diversity compared to continuous tillage (Zak et al., 
1994), but there are indications that increases in organic matter will be smaller after ten years 
(Reicosky et al., 1995).  We observed during nine years of cover crop treatment, plots of R. 
hirta, A. gerardii, P. virgatum, and S. nutans were better suited as cover crops compared to 
continuous tillage, T. erecta, and S. bicolor.  Data showed treatments of R. hirta, A. gerardii, 
P. virgatum, and S. nutans provided organic carbon and nitrogen, increased macro aggregate 
mass, and stabilized microbial activity.  We also observed during strawberry production that 
rotations with cover crops of R. hirta, A. gerardii, P. virgatum, and S. nutans maintained 
organic carbon and nitrogen, lowered bulk density, maintained macro aggregate mass, and 
stabilized microbial activity. 
 More information is needed on using multiple cover crops (polycultures) that 
establish quickly and require low inputs that reduce monoculture systems.  In addition, cost 
analysis of rotation with cover crops should be researched and compared to continuous 
tillage.  Reddy et al. (2003) suggested that herbicide costs might be increased due to reduced 
tillage systems.  Cost analysis of cover crops as a cash crop could subsidize the costs of 
rotations with specialized horticulture crops. 
 Additionally, cover crops have the potential to reduce erosion and runoff, prevent 
leaching of nitrogen, and improve soil structure, which aids in plant development.  These 
factors affect the soil and water resources required for maintained agricultural practices 
(Tegtmeier and Duffy, 2004).  Few studies have looked at the economic costs and benefits to 
the environment of crop rotations with agronomic crops (Karlen et al., 2006); however, as 
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land prices increase and agronomic crops become increasingly industrialized, maintainable 
practices are required to ensure future productivity.   
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Table 1.  Treatment, cultivar, source, and planting rate for treatment plots established in 1996 and maintained to spring 2005. 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Annual cover crops were tilled in the spring and reseeded yearly (R. hirta was not tilled, but reseeded yearly). 
y Perennial cover crops were not reseeded or tilled during maintenance.  
Treatments Cultivar Seed / transplant source Seeding rate (kg/ha) 
Continuous strawberry ‘Honeoye’ Indiana Berry Company, Huntingburg, IN 
23,910 dormant 
crowns 
Continuous tillage - - - - - - - - - 
Rudbeckia hirta z Iowa Ecotype Ion exchange,  Harper’s Ferry, IA 11.98 
Tagetes erecta z ‘Cracker jack’ Stokes Seed,  Fredonia, NY 5.68 
Sorghum bicolor z ‘Honey pasture’ Sexauer Company, Brookings, SD 11.35 
Andropogon gerardii y Iowa Ecotype Ion exchange,  Harper’s Ferry, IA 11.98 
Lolium perenne y Unspecified Sexauer Company, Brookings, SD 34.05 
Panicum virgatum y Iowa Ecotype Ion exchange, Harper’s Ferry, IA 11.98 
Sorghastrum nutans y Iowa Ecotype Ion exchange, Harper’s Ferry, IA 11.98 
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Table 2.  Total nitrogen and organic carbon of soil from plots of continuous strawberry, continuous tillage, or plots planted to 
monoculture cover crops sampled during the years of establishment, years of maintenance, and final years. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Years of establishment: 1997 and 1998; Years of maintenance: 2001 and 2002; Final years: 2004 and spring 2005 prior to tilling. 
y Means of variable from six experimental units per treatment. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 
 Total nitrogen (g·kg-1) Organic carbon (g·kg-1) 
Treatment Years of establishment z 
Years of 
maintenance z Final years 
z Years of 
establishment z 
Years of 
maintenance z Final years 
z 
Continuous strawberry 1.63 y a 1.77 1.68 20.1 a 20.4 19.7 a 
Continuous tillage 1.40 bc 1.65 1.34 16.8 c 18.9 16.7 ab 
Rudbeckia hirta 1.53 abc 1.74 1.45 19.4 abc 20.4 18.0 ab 
Tagetes erecta 1.35 c 1.65 1.59 17.0 bc 18.9 18.6 ab 
Sorghum bicolor 1.42 bc 1.66 1.27 17.0 bc 19.0 16.4 b 
Andropogon gerardii  1.66 1.49  19.2 18.0 ab 
Lolium perenne 1.60 ab 1.77 1.56 19.8 ab 20.2 18.9 ab 
Panicum virgatum 1.48 abc 1.62 1.38 18.5 abc 18.4 16.5 b 
Sorghastrum nutans 1.52 abc 1.64 1.52 18.8 abc 18.8 18.6 ab 
LSDx 0.20 NS NS 2.9 NS 3.3 
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Table 3.  Bulk density and macro aggregate mass of soil from plots of continuous strawberry, continuous tillage, or plots planted to 
monoculture cover crops sampled during the years of establishment, years of maintenance, and final years. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Means are g dry soil > 0.25 mm per 100 g dry soil. 
y Years of establishment: 1997 and 1998; Years of maintenance: 2001 and 2002; Final years: 2004 and spring 2005 prior to tilling. 
x Means of variable from six experimental units per treatment. 
w Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 Bulk density (g·cm3) Macro aggregate mass (g) z 
Treatment Years of establishment y 
Years of 
maintenance y Final years
 y Years of establishment y 
Years of 
maintenance y Final years
 y 
Continuous strawberry 1.22 x 1.18 ab 1.28 abc 40.8 41.8 ab 56.6 ab 
Continuous tillage 1.18 1.16 ab 1.14 c 34.7 38.6 b 45.4 b 
Rudbeckia hirta 1.30 1.18 ab 1.28 abc 39.0 48.0 a 62.6 a 
Tagetes erecta 1.20 1.12 b 1.19 bc 35.9 40.5 ab 56.3 ab 
Sorghum bicolor 1.25 1.11 b 1.21 bc 37.8 43.3 ab 56.4 ab 
Andropogon gerardii  1.25 a 1.31 ab  45.6 ab 58.1 a 
Lolium perenne 1.20 1.21 ab 1.23 abc 37.8 43.7 ab 54.6 ab 
Panicum virgatum 1.23 1.18 ab 1.37 a 37.2 45.3 ab 53.5 ab 
Sorghastrum nutans 1.24 1.21 ab 1.21 bc 39.7 44.2 ab 51.4 ab 
LSDw NS 0.11 0.15 NS 8.2 12.2 
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Table 4.  Soil carbon utilization and mineralized nitrogen of soil from plots of continuous 
strawberry, continuous tillage, or plots planted to monoculture cover crops sampled spring 
2005 prior to tilling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Means are cumulative CO2 µg per g of dry soil after 28 d of incubation. 
y Mean from three experimental units per treatment. 
x Means followed by the same letter are not different (p ≤ 0.05). 
 
Treatment Carbon utilization (µg CO2·10 g) z 
Mineralized nitrogen  
(µg·10 g)  
Continuous strawberry 4.96 y ab 11.00 ab 
Continuous tillage 4.22 b 9.14 b 
Rudbeckia hirta 4.86 ab 12.93 a 
Tagetes erecta 4.46 b 9.32 b 
Sorghum bicolor 5.22 ab 9.14 b 
Andropogon gerardii 5.30 ab 11.22 ab 
Lolium perenne 5.72 a 12.69 a 
Panicum virgatum 4.35 b 12.42 a 
Sorghastrum nutans 4.84 ab 11.13 ab 
LSDx 1.18 2.62 
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Table 5.  Total nitrogen and organic carbon of soil in fall 2005, 2006, and 2007 after plots 
were rotated with treatments of cover crops, continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z 2005 was year of strawberry plant establishment, 2006 and 2007 were years of production. 
y Means from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 
 
  Total nitrogen (g·kg-1) Organic carbon (g·kg-1) 
Treatment 2005 z 2006 z 2007 z 2005 z 2006 z 2007 z 
Continuous strawberry 1.59 y ab 1.64 ab 1.80 18.1 ab 18.9 abc 19.6 
Continuous tillage 1.38 b 1.46 b 1.62 15.5 b 16.3 c 17.0 
Rudbeckia hirta 1.58 ab 1.65 ab 1.86 17.9 ab 19.5 ab 20.2 
Tagetes erecta 1.47 ab 1.44 b 1.63 16.5 ab 16.6 bc 17.5 
Sorghum bicolor 1.47 ab 1.51 b 1.66 16.3 ab 17.4 abc 17.5 
Andropogon gerardii 1.58 ab 1.59 ab 1.84 19.0 a 19.0 abc 19.9 
Lolium perenne 1.61 a 1.79 a 1.84 18.4 ab 19.8 a 20.3 
Panicum virgatum 1.48 ab 1.54 ab 1.68 16.8 ab 17.6 abc 18.2 
Sorghastrum nutans 1.60 ab 1.60 ab 1.80 18.4 ab 18.6 abc 19.4 
LSD x 0.22 0.27 NS 3.0 3.0 NS 
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 Table 6.  Bulk density and macro aggregate mass of soil in fall 2005, 2006, and 2007 after 
plots were rotated with treatments of cover crops, continuous strawberry, or continuous 
tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Means are g dry soil > 0.25 mm per 100 g dry soil. 
y 2005 was year of strawberry plant establishment, 2006 and 2007 were years of production. 
x Means from three experimental units per treatment per year. 
w Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 
 Bulk density (g·cm3) Macro aggregate mass (g) z 
Treatment 2005 y 2006 y 2007 y 2005 y 2006 y 2007 y 
Continuous strawberry 1.22 x ab 1.22 1.25 ab 52.3 ab 68.2 a 56.7 ab 
Continuous tillage 1.27 a 1.27 1.28 a 38.1 c 62.7 b 48.9 b 
Rudbeckia hirta 1.20 ab 1.21 1.24 abc 55.2 ab 66.3 ab 61.1 a 
Tagetes erecta 1.17 ab 1.28 1.25 abc 56.8 ab 64.1 ab 56.7 ab 
Sorghum bicolor 1.26 a 1.26 1.22 abc 51.9 ab 63.0 b 56.9 a 
Andropogon gerardii 1.20 ab 1.24 1.23 abc 49.8 b 64.1 ab 60.4 a 
Lolium perenne 1.14 b 1.19 1.22 abc 58.6 a 62.2 b 59.6 a 
Panicum virgatum 1.22 ab 1.22 1.19 bc 50.7 b 62.0 b 58.5 a 
Sorghastrum nutans 1.18 ab 1.19 1.18 c 56.4 ab 65.5 ab 57.1 a 
LSD w 0.11 NS 0.07 7.3 4.5 8.1 
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Table 7.  Soil carbon utilization and mineralized nitrogen in fall 2005, 2006, and 2007 after 
plots were rotated with treatments of cover crops, continuous strawberry, or continuous 
tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Means from three experimental units per treatment per year. 
y 2005 was year of strawberry plant establishment, 2006 and 2007 were years of production. 
x Means are cumulative CO2 µg per g dry soil after 28 d of incubation. 
w Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 Carbon utilization (µg CO2·10 g) z Mineralize nitrogen (µg·10 g) 
Treatment 2005 y 2006 y 2007 y 2005 y 2006 y 2007 y 
Continuous strawberry 4.40 x ab 5.05 ab 5.07 ab 11.48 ab 12.27 a 10.74 ab 
Continuous tillage 3.95 b 4.69 b 3.68 b 8.21 d 9.96 b 8.06 c 
Rudbeckia hirta 4.81 a 4.83 ab 5.21 a 10.22 abcd 11.94 a 10.92 ab 
Tagetes erecta 4.06 b 4.65 b 4.49 ab 9.53 bcd 10.61 b 9.84 abc 
Sorghum bicolor 4.32 ab 4.83 ab 5.78 a 9.27 cd 10.06 b 9.32 bc 
Andropogon gerardii 4.58 ab 5.56 a 5.65 a 9.69 bcd 12.45 a 11.12 ab 
Lolium perenne 5.09 a 5.25 ab 5.09 ab 12.04 a 12.32 a 11.61 a 
Panicum virgatum 4.19 b 5.05 ab 5.13 ab 9.79 bcd 11.78 a 11.15 ab 
Sorghastrum nutans 4.41 ab 5.02 ab 5.01 ab 10.54 abc 12.29 a 10.98 ab 
LSD w 0.87 0.80 1.46 2.04 1.08 1.84 
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Table 8.  Microbial substrate utilization (BIOLOG Ecoplates) in fall 2005, 2006, and 2007 after plots were rotated with treatments of 
cover crops, continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z 2005 was year of strawberry plant establishment, 2006 and 2007 were years of production. 
y Mean absorbance from nine experimental units per treatment per year. 
x Mean slopes separated by linear regression of average well color development over 72 hours of time. 
w Means followed by the same letter are not different (p ≤ 0.10).  NS = not different. 
Year z Treatment Amino acids Amines Carbohydrates Carboxylic acids 
Phenolic 
compounds Polymers 
2005  Continuous strawberry 0.2902 yxw a 0.3468 a 0.2567 a 0.2266 a 0.3283 a 0.3577 a 
2005 Continuous tillage 0.2963 a 0.3367 a  0.2541 a 0.2112 a 0.3046 a 0.2755 b 
2005 Rudbeckia hirta 0.2665 a 0.2844 a 0.2482 a 0.1944 a 0.2857 a 0.2682 b 
2005 Tagetes erecta 0.0889 b 0.0764 b 0.0538 b 0.0772 b 0.0704 b 0.0867 c 
2005 Panicum virgatum 0.3084 a 0.3369 a 0.2339 a 0.2283 a 0.2679 a 0.3104 ab 
2006 Continuous strawberry 0.3034 a 0.3423 b 0.3117 a 0.2270 ab 0.3108 ab 0.3505 ab 
2006 Continuous tillage 0.3024 a 0.3924 a 0.3373 a 0.2746 a 0.3363 a 0.3729 a 
2006 Rudbeckia hirta 0.2815 a 0.3333 b 0.3186 a 0.2397 ab 0.3317 a 0.3019 bc 
2006 Tagetes erecta 0.2842 a 0.3311 b 0.3170 a 0.2405 ab 0.3367 a 0.3503 ab 
2006 Panicum virgatum 0.2277 b 0.3070 b 0.2676 b 0.2029 b 0.2464 b 0.2786 c 
2007 Continuous strawberry 0.3656 a 0.4704 ab 0.4069 a 0.3590 a 0.4729 a 0.4439 a  
2007 Continuous tillage 0.3638 a 0.5229 a 0.3928 a 0.3311 a 0.4675 a 0.4132 a 
2007 Rudbeckia hirta 0.3046 a 0.4078 b 0.3626 a 0.3038 a 0.4083 a 0.4089 a 
2007 Tagetes erecta 0.3588 a 0.4402 ab 0.3716 a 0.3196 a 0.4014 a 0.4043 a 
2007 Panicum virgatum 0.3277 a 0.3788 b 0.3771 a 0.3237 a 0.4276 a 0.4551 a 
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Table 9.  Soil bacterial and fungal counts in fall 2005, 2006, and 2007 after plots were rotated 
with treatments of cover crops, continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
z 2005 was year of strawberry plant establishment, 2006 and 2007 were years of production. 
y Mean CFU from six experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 
  Bacterial count (10-6) Fungal count (10-5) 
Treatment 2005 z 2006 z 2007 z 2005 z 2006 z 2007 z 
Continuous strawberry 94.2 y a 43.0 36.5 2.3 bc 7.9 2.3 b 
Continuous tillage 80.2 ab 39.6 46.8 4.7 a 8.0 4.3 a 
Rudbeckia hirta 46.2 b 35.0 46.4 2.9 ab 7.7 3.9 ab 
Tagetes erecta 1.3 c 43.3 40.6 0.3 c 5.0 2.7 ab 
Panicum virgatum 45.8 b 37.5 47.3 1.6 bc 8.4 3.1 ab 
LSD x 35.5 NS NS 2.1 NS 1.9 
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CHAPTER 3.  ROTATION WITH COVER CROPS INCREASES PLANT DENSITY 
AND YIELD OF STRAWBERRY AND SUPPRESSES WEEDS 
 
A paper to be submitted to the HortTechnology 
Dennis N. Portz and Gail R. Nonnecke 
 
ADDITIONAL INDEX WORDS.  Native plants, prairie plants, sustainable agriculture, 
replant disease, Fragaria xananassa, Pratylenchus spp.  
Abstract 
 Yield of strawberry grown continuously on the same site often decline over time due 
to proliferation of weed seeds and pathogenic organisms in the soil.  Rotations with cover 
crops or tillage mitigate this problem, but data are needed on the relative effectiveness of 
various potential rotations.  We evaluated the rotation of seven monoculture cover crops 
(Panicum virgatum L., Andropogon gerardii Vitman, Lolium perenne L., Sorghastrum 
nutans (L.) Nash, Rudbeckia hirta L., Sorghum bicolor (L.) Moench, and Tagetes erecta L.), 
continuous tillage, and continuous ‘Honeoye’ strawberry, by type and biomass of weeds and 
plant density and yield of strawberry.  Treated plots were established in 1996 and maintained 
through 2005.  In 2005, treatments were terminated and plots were planted with ‘Honeoye’ 
strawberry in a matted-row.  Monocot weed biomass was lowest in plots of continuous tillage 
or rotated with A. gerardii, P. virgatum, S. bicolor, and S. nutans.  Dicot weed biomass was 
lowest in plots of continuous tillage or rotated with S. bicolor and was greatest in plots of 
continuous strawberry and plots rotated with L. perenne.  Lesion nematode counts were 
below a threshold level for all treatments.  Strawberry plant density and yield were greatest in 
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plots that were either tilled or rotated with A. gerardii, P. virgatum, S. bicolor, S. nutans, or 
T. erecta.  The results suggest that matted-row strawberry production areas that are either 
tilled or rotated with A. gerardii, P. virgatum, S. bicolor, S. nutans, or T. erecta will have 
lower weed biomass and greater plant establishment and yield of strawberry than areas in 
continuous strawberry production or rotated with L. perenne or R. hirta. 
Introduction 
 Proliferation of weeds and accumulation of pathogens in the soil can decrease 
strawberry yield (LaMondia et al., 2002; Pritts and Handley, 1998).  Chemical inputs, such as 
methyl bromide, have reduced the impact of weeds and pathogens during strawberry 
production since the 1960s.  Under the Montreal Protocol and U.S. Clean Air Act, use of 
methyl bromide is being eliminated (EPA, 2007; Schneider et al., 2003).  Therefore, 
alternatives to methyl bromide are needed to reduce the impact of weeds and pathogens on 
strawberry.  Rotations with cover crops can alleviate the build-up of weeds and pathogens in 
the soil of perennial fruit crops (LaMondia et al., 2002; Merwin and Stiles, 1989; Seigies and 
Pritts, 2006; Shanks and Chamberlain, 1993). 
 Prior use of rotation cover crops has reduced pest populations in the soil.  McKeown 
et al. (1994) showed that areas planted with P. virgatum, A. gerardii, S. nutans, and R. hirta 
had low counts of pathogenic nematodes in the soil.  Seigies and Pritts (2006) also showed 
similar results of reduced nematode populations and greater yield of strawberry in pots 
containing soil residue of P. virgatum, S. nutans, and R. hirta compared with fumigation or 
bare fallow soil.  Ecosystems of prairie plants (polyculture) had reduced weed growth 
compared with tillage or continuous cropping (Kremer and Li, 2003).  Prior research 
conducted at Iowa State Univ. by Summers (1999) showed similar percentage cover of weeds 
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in plots grown with plant covers of P. virgatum compared with plots of S. bicolor or tillage.  
However, the effectiveness of rotating monoculture prairie cover crops with strawberry to 
reduce weeds is unknown.   
 Turfgrasses, such as Poa pratensis L. and Lolium perenne L., are used in the fruit 
industry as alleyway ground covers because of their low maintenance and low water use 
during the warm summer months.  Intercropping of L. perenne between rows reduced 
strawberry yield compared with plots that were continuously tilled (Shanks and Chamberlain, 
1993), but the effects of L. perenne use as a rotation cover crop with strawberry are 
unknown. 
 Sorghum bicolor is used as a cover crop for its annual growing cycle and addition of 
organic matter to improve soil structure (Ortega et al., 2002).  In previous studies, S. bicolor 
rotated with strawberry showed low counts of weeds and pathogenic nematodes and fungi 
(Elmer, 1999; Kratochvil et al., 2004; LaMondia et al., 2002; McSorley and Gallaher, 1993). 
 Tagetes erecta ‘Cracker Jack’ incorporated into the soil releases biochemicals that 
can reduce pathogenic nematodes (Ball-Coelho et al., 2003; Merwin and Stiles, 1989; 
Reynolds et al., 2000; Topp et al., 1998), but does not affect the number of pathogenic fungi 
or bacteria in the soil (Topp et al., 1998).  Seigies and Pritts (2006) showed that strawberries 
grown in pots with field soil rotated with T. erecta had greater yield than with fumigation or 
bare soil. 
 Previous research has focused on the reduction of weeds and pathogens in plantings 
of Malus spp. and Vitis spp., or in Fragaria spp. by their rotation with cover crops.  Seigies 
and Pritts (2006) showed increased growth of strawberry and reduction of weeds and 
pathogens in strawberry greenhouse pots when 1 yr growth of monoculture prairie grasses is 
55 
 
incorporated into soil.  Our experiment builds on previous research by providing a long-term 
field study with cover crops in rotation with strawberry to mitigate weeds and pathogens and 
increase strawberry yield.  The objectives of this study were to compare plant density and 
yield of strawberry, type and biomass of weeds, and density of root-lesion nematodes in plots 
after the rotation of continuous tillage, continuous strawberry, or monoculture covers of P. 
virgatum, A. gerardii, L. perenne, S. nutans, R. hirta, S. bicolor, and T. erecta.  The 
hypothesis of this study is plots rotated with cover crops would reduce weed populations and 
have greater strawberry plant density and yield compared to plots of continuous tillage or 
plots of continuous strawberry production. 
Materials and Methods 
 Soil history.  The experiment was conducted from 1996 to 2008 at the Iowa State 
Univ. Horticulture Research Station near Ames, IA in a Clarion loam (2 to 9 % slopes, mixed 
mesic Typic Hapludoll) with a pH of 6.4 and 2.8% organic matter in a site where strawberry 
plants were continuously grown in a matted-row system. 
 Treatment plot establishment.  In 1996, strawberry plants were tilled into the soil.  
The experiment was a randomized complete block design with three replications of nine 
treatments.  Establishment history and maintenance of treatments are provided in Table 1.  
Plots were established 22 May 1996 in 6.1 m x 6.1 m plots.  All plots were irrigated by 
rainfall.  Plugs of A. gerardii were started in a greenhouse and planted in summer 1996 
because plots did not establish by seeding. 
 Treatments were terminated in spring 2005 by burning surface plant debris and tilling 
15 cm into the soil.  Plants of ‘Honeoye’ strawberry were placed 46 cm apart in five rows 
with 1 m spacing.  Plants were mulched with oat straw at a rate of four tons per acre in 
56 
 
November of 2005, 2006, and 2007 for over-wintering.  Straw mulch was moved to the area 
between the strawberry rows and allowed to decompose in the spring.  Strawberry plants 
were irrigated 2.5 cm per week by rainfall or supplemental overhead irrigation.  Renovation 
was conducted after harvest in July 2006 and July 2007 and included herbicide application 
(2,4-D Formula 40, 2,4-dichlorophenoxyacetic acid and DCPA, dimethyl 
tetrachloroterephthalate), leaf removal, and narrowing of matted-rows to 30.5 cm according 
to methods from Pritts and Handley (1998).  All treatment plots were fertilized in 2005, 
2006, and 2007 at the rate of 56 kg/ha of N in late summer (after renovation) and 34 kg/ha of 
N in fall by hand over the strawberry rows. 
Growth of weeds after rotation.  Type and biomass of weeds were collected 6 June, 1 
July, and 9 Aug. 2005, 19 May and 30 Aug. 2006, and 21 May and 26 Aug. 2007.  Monocot 
and dicot weeds were harvested separately from three randomly located 50 cm x 50 cm 
quadrats within each plot.  Roots were discarded and shoots were dried for 72 h at 67 ° C.  
Weeds not collected for observations were killed within one week of data collection to 
eliminate correlation over time of perennial growth of weeds by tillage or spot treatment with 
herbicide (glyphosate, N-(phosphonomethyl)glycine) and then preemergent herbicide 
(DCPA, dimethyl tetrachloroterephthalate) for successive growth (Bordelon et al., 2006).  
 Density of root-lesion nematodes.  Samples of root-lesion nematodes were collected 
25 Oct. 2005, 30 Oct. 2006, and 17 Nov. 2007.  Density was determined by harvesting three 
random strawberry plants from each plot.  Roots were washed to remove soil particles and 
excised from the crown, cut into about 3-cm-segments, and placed into a 125 ml Erlenmeyer 
flask to which 50 ml of streptomycin sulfate-mercuric chloride extraction solution had been 
added.  The flasks were then shaken for 96 h.  After shaking, the solution and roots were 
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decanted into an 850-µm sieve over a 38-µm sieve.  Roots collected on the 850-µm sieve 
were rinsed with distilled water and then dried for 72 h at 67 °C.  The particles collected on 
the 38-µm sieve were rinsed into a 100 ml beaker for identification.  Lesion nematodes were 
enumerated as number per dry g of root biomass with a dissecting microscope.  
 Density of strawberry plants.  Initial transplant establishment was determined in July 
2005 by counting the number of dead plants per row in each plot one month after planting.  
Density of strawberry plants was measured 21 Oct. 2005, 27 Nov. 2006, and 17 Nov. 2007.  
Density was determined by counting the rooted plants in three randomly selected 50 cm x 50 
cm areas within each plot.   
 Yield of strawberry.  Total yield of strawberry was measured bi-weekly from 3 June 
to 26 June 2006, 31 May to 12 June 2007, and 13 June to 23 June 2008.  Marketable and 
unmarketable fruits were harvested, counted, and weighed from three 0.66 m by 1.66 m areas 
within the row in each plot.  Fungicide (Captan, N-trichloromethyltio-4-cyclohexene-1,2-
dicarboximide) was applied at 5 % and 50 % bloom on all plots (Bordelon et al., 2006).   
 Data analysis.  Data were analyzed using general linear model (PROC GLM) of SAS 
9.1 (SAS Institute, 2002 – 2003) to determine analysis of variance for tests of significance, 
and means were separated using least significant difference (p ≤ .05).  
Results 
Weed growth.  In June and July 2005 and May 2006, dry biomass of monocot weeds 
was higher in plots rotated with L. perenne than plots of continuous strawberry (Table 2).  In 
May 2007, biomass of monocot weeds was lower in plots of continuous tillage and plots 
rotated with S. bicolor, T. erecta, S. nutans, and L. perenne than plots of continuous 
strawberry (Table 2).  In Aug. 2005 and 2006, biomass of monocot weeds was lower in plots 
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rotated with P. virgatum or L. perenne than plots of continuous strawberry (Table 2).  In 
Aug. 2007, biomass of monocot weeds was lower in plots of continuous tillage and plots 
rotated with R. hirta than plots of continuous strawberry (Table 2).  In 2005, 2006, and 2007, 
biomass of dicot weeds was consistently lower in plots of continuous tillage and plots rotated 
with S. bicolor than plots of continuous strawberry (Table 3).   
 Lesion nematodes in the roots of strawberry.  Average lesion nematode counts were 
below 10 per g of dry root matter for all treatments from all three years.  Lesion nematode 
populations were too low to determine if the treatments influenced their control and were not 
considered as a pest to the strawberry plants (Appendix Table 27).   
Establishment of strawberry plants.  In July 2005, strawberry transplant mortality was 
greater in plots rotated with L. perenne and R. hirta than plots of continuous strawberry, 
continuous tillage, or rotated with S. bicolor or T. erecta (Appendix Table 28).  Plants 
showed symptoms of wilting, necrosis of oldest leaves, and meristem death.  Disease 
symptoms were diagnosed visually, by the Plant and Insect Diagnostic Clinic at Iowa State 
University, as Verticillium wilt (Verticillium spp.) (Maas, 1998).  In 2005, 2006, and 2007, 
strawberry plant density was lower in plots of continuous strawberry and in plots rotated with 
L. perenne than plots rotated with S. bicolor or T. erecta (Table 4).  
 Yield of strawberry.  In 2006, yield of strawberry in plots continuously tilled or 
rotated with P. virgatum, S. bicolor, A. gerardii, or T. erecta was greater than in plots of 
continuous strawberry or plots rotated with R. hirta or L. perenne (Table 5).  In 2007, yield 
of strawberry in plots rotated with S. bicolor, S. nutans, T. erecta, or P. virgatum was greater 
than in plots of continuous strawberry or plots rotated with R. hirta or L. perenne (Table 5).  
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In 2008, yield of strawberry in plots rotated with S. bicolor, P. virgatum, or A. gerardii was 
greater than in plots of continuous strawberry (Table 5). 
Discussion 
 Plots tilled or rotated with P. virgatum, A. gerardii, S. nutans, or S. bicolor showed 
less monocot weed biomass than plots rotated with L. perenne, R. hirta, T. erecta, or 
continuous strawberry over all years.  Plots of continuous strawberry and plots rotated with 
L. perenne had a high amount of dicot weed biomass over all years.  This is consistent with 
the results by Kremer and Li (2003) that showed prairie ecosystems have reduced weed 
populations.  Plots rotated with S. bicolor showed similar results to LaMondia et al. (2002) in 
reducing total weed populations. 
Previous observations by Summers (1999) at Iowa State University in 1998 showed 
greater percentage of weeds and lower establishment of treatment cover in plots of L. 
perenne, T. erecta, S. nutans, and R. hirta compared to P. virgatum and S. bicolor.  
Subsequent weed growth during strawberry production may have reduced strawberry yield in 
plots rotated with L. perenne, T. erecta, S. nutans, and R. hirta and therefore may require 
more management from the strawberry producers to be successful as rotation cover crops 
with strawberry. 
 Low lesion nematode counts similarly to McKeown et al. (1994) were found in plots 
rotated with A. gerardii, P. virgatum, S. nutans, and R. hirta; however plots of continuous 
strawberry also showed low counts of lesion nematodes.  We conclude that soil conditions in 
this test area were not conducive for nematode proliferation to account for differences among 
treatments.    
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 Plots previously tilled or rotated with P. virgatum, A. gerardii, S. nutans, S. bicolor, 
or T. erecta had fewer strawberry transplant fatalities and greater density and yield of 
strawberry than did plots rotated with L. perenne, R. hirta, or continuous strawberry.  Plots 
rotated with P. virgatum showed higher yield of strawberry, similar to the findings of Seigies 
and Pritts (2006) in pot culture studies of strawberry.  In the year of establishment, plots 
rotated with S. nutans had in lower yield of strawberry compared with plots rotated with P. 
virgatum and S. bicolor, which conflicts with Seigies and Pritts (2006).  Differences of yield 
could be due to variation in the properties of the soil, environmental growing conditions, or 
length of cover crop growing time comparing the two studies since our field study had cover 
crop growth for 9 yr compared to soil from 1 yr of cover crop growth in pot culture of 
strawberry plants (Seigies and Pritts, 2006).  
 Plots rotated with L. perenne had high transplant fatality and low yield.  This is 
consistent with the observations by Shanks and Chamberlain (1993) who showed that plots 
of L. perenne adversely affect strawberry growth.  These results suggest replant disease may 
increase in strawberry production when residues of L. perenne are present. 
In addition, it is important to note that there was very few established plants and low 
yield in the plots of continuous strawberry in 2005, 2006, and 2007, which indicates that 
there are issues of replant disease with strawberry production in Iowa.  However, the exact 
reasons, such as pathogenic organisms, of the replant disease are unknown from this study. 
 Plots of continuous tillage or rotated with P. virgatum, A. gerardii, and S. bicolor had 
reduced weeds and pathogenic organisms in the soil, which relates to greater establishment 
and yield of strawberry than areas rotated with L. perenne, R. hirta, S. nutans, or T. erecta or 
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continuous strawberry production.  Therefore, we conclude that strawberries should be tilled 
or rotated with P. virgatum, A. gerardii, and S. bicolor. 
 Further work should compare the short-term effects of rotations with P. virgatum, S. 
bicolor, A. gerardii, continuous strawberry, and tillage on the weed populations, soil pest 
populations, strawberry plant density and yield and soil chemical, physical, and biological 
characteristics.  The effects of short-term treatments on pests, soil, and subsequent strawberry 
growth may influence the economic viability of rotation cover crop use in the future.  
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Table 1.  Soil cover treatments, seed source, seeding rate, and soil and plant management practices used from 1996 - 2005. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Treatments Cultivar Seed / transplant source 
Seeding rate 
(kg/ha) Soil management 
Plant 
management 
Continuous strawberry ‘Honeoye’ 
Indiana Berry 
Company, 
Huntingburg, IN 
23,910 dormant 
crowns / ha 
Renovated 
yearly 
Perennial cover, 
winter mulch 
Continuous tilled - - - - - - - - - Tilled monthly No cover 
Rudbeckia hirta Iowa Ecotype Ion exchange,  Harper’s Ferry, IA 11.98 No-till 
Annual cover, 
seeded yearly 
Tagetes erecta  ‘Cracker jack’ Stokes Seed,  Fredonia, NY 5.68 Tilled yearly 
Annual cover, 
seeded yearly 
Sorghum bicolor ‘Honey pasture’ Sexauer Company, Brookings, SD 11.35 Tilled yearly 
Annual cover, 
seeded yearly 
Andropogon gerardii Iowa Ecotype Ion exchange,  Harper’s Ferry, IA 11.98 No-till 
Perennial cover, 
burned yearly 
Lolium perenne Unspecified Sexauer Company, Brookings, SD 34.05 No-till 
Perennial cover, 
burned yearly 
Panicum virgatum Iowa Ecotype Ion exchange, Harper’s Ferry, IA 11.98 No-till 
Perennial cover, 
burned yearly 
Sorghastrum nutans Iowa Ecotype Ion exchange, Harper’s Ferry, IA 11.98 No-till 
Perennial cover, 
burned yearly 
  Ion exchange,     
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Table 2. Biomass of monocot weeds after the rotation with cover crops, continuous tillage, or 
continuous strawberry in 2005, 2006, and 2007. 
z Mean of variable in nine, randomly selected 50 cm x 50 cm experimental units per 
treatment. 
y Means followed by the same letter are not different (p ≤ 0.05).
 Biomass of monocot weeds (g·50 cm x 50 cm area) 
 2005 2006 2007 
Treatment June July Aug May Aug May Aug 
Continuous strawberry 3.2z cd 0.9 c 14.6 ab 3.7 c 26.0 a 5.7 a 31.1 a 
Continuous tillage 1.1 e 4.0 a 2.8 bc 0.6 c 1.2 c 0.5 b 5.8 b 
Rudbeckia hirta 7.6 a 1.9 bc 15.6 a 10.3 b 7.8 bc 2.2 ab 7.2 b 
Sorghum bicolor 2.7 cde 2.6 abc 5.5 abc 0.6 c 1.4 c 0.5 b 14.0 ab 
Tagetes erecta 3.8 bc 2.1 abc 10.3 abc 0.5 c 1.6 c 0.9 b 28.5 a 
Andropogon gerardii 3.7 bc 2.0 bc 3.3 bc 1.8 c 1.9 c 2.1 ab 20.1 ab 
Lolium perenne 5.2 b 2.9 ab 2.2 c 21.7 a 13.9 b 4.2 b 15.7 ab 
Panicum virgatum 1.5 de 2.0 bc 0.1 c 0.1 c 0.4 c 1.5 ab 33.1 a 
Sorghastrum nutans 4.1 bc 1.4 bc 3.0 bc 0.8 c 4.9 bc 0.4 b 30.5 a 
LSDy 1.8 1.9 12.1 3.6 11.1 4.3 20.6 
 
66 
 
Table 3.  Biomass of dicot weeds after the rotation with cover crops, continuous tillage, or 
continuous strawberry in 2005, 2006, and 2007. 
 
 
 
 
 
 
 
 
 
z Mean of variable in nine, randomly selected 50 cm x 50 cm experimental units per 
treatment. 
y Means followed by the same letter are not different (p ≤ 0.05). 
 Biomass of dicot weeds (g·50 cm x 50 cm area) 
 2005 2006 2007 
Treatment June July Aug May Aug May Aug 
Continuous strawberry 2.7z ab 2.7 a 22.7 a 20.8 ab 17.6 a 24.9 a 34.9 a 
Continuous tillage 0.4 cd 1.0 bc 0.8 c 2.4 c 0.1 d 0.4 c 14.5 bc 
Rudbeckia hirta 1.7 bc 1.0 bc 3.8 c 30.8 a 4.2 cd 7.9 bc 8.2 bc 
Tagetes erecta 1.5 bcd 1.1 bc 1.7 c 7.1 bc 9.5 bc 7.5 bc 5.7 c 
Sorghum bicolor 0.3 d 0.4 c 2.2 c 0.1 c 2.8 cd 6.9 bc 5.4 c 
Andropogon gerardii 1.4 bcd 1.7 abc 8.9 bc 4.0 bc 1.1 d 6.6 bc 14.0 bc 
Lolium perenne 1.3 cd 2.5 ab 20.2 a 20.7 ab 14.3 ab 11.9 b 22.9 ab 
Panicum virgatum 3.5 a 1.6 abc 4.7 c 1.2 c 6.3 cd 4.4 bc 7.7 bc 
Sorghastrum nutans 1.3 cd 1.8 abc 18.2 ab 11.2 bc 4.1 cd 6.3 bc 5.7 c 
LSDy 1.3 1.6 10.4 17.4 7.4 10.5 16.7 
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Table 4.  Plant density of strawberry after rotation with cover crops, tillage, or continuous 
strawberry in fall 2005, 2006, and 2007.  
 
 
 
 
 
 
 
 
z Mean number of rooted plants in nine, randomly selected 50 cm x 50 cm experimental units 
per treatment after renovation. 
y Means followed by the same letter are not different (p ≤ 0.05). 
 Plant density (plants·50 cm x 50 cm area) 
Treatments 2005 2006 2007 
Continuous strawberry 7z b 11 b 2 d 
Continuous tillage 14 a 22 a 10 bc 
Rudbeckia hirta 9 b 22 a 8 c 
Sorghum bicolor 14 a 22 a 17 a 
Tagetes erecta 13 a 21 a 15 ab 
Andropogon gerardii 13 a 22 a 10 bc 
Lolium perenne 4 c 10 b 9 c 
Panicum virgatum 14 a 26 a 10 bc 
Sorghastrum nutans 13 a 21 a 13 abc 
LSDy 3 6 5 
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Table 5.  Yield of strawberry after rotation with cover crops, tillage, or continuous strawberry 
in 2006, 2007, and 2008. 
 
 
 
 
 
 
 
 
z Mean kilograms per linear row area (0.66 m x 1.66 m) in nine experimental units per 
treatment.  
y Means followed by the same letter are not different (p ≤ 0.05). 
 
 
 
Yield (kg·0.66 m x 1.66 m) Treatment 
2006 2007 2008 
Continuous strawberry 0.63z d 0.07 d 0.11 c 
Continuous tillage 1.99 ab 1.03 bc 0.61 bc 
Rudbeckia hirta 1.22 c 0.93 c 0.43 bc 
Tagetes erecta 1.97 ab 1.46 a 0.40 bc 
Sorghum bicolor 2.00 ab 1.67 a 1.33 a 
Andropogon gerardii 1.99 ab 1.07 bc 0.86 ab 
Lolium perenne 0.58 d 0.89 c 0.50 bc 
Panicum virgatum 2.30 a 1.35 ab 0.93 ab 
Sorghastrum nutans 1.58 bc 1.53 a 0.78 b 
LSDy 0.45 0.36 0.54 
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CHAPTER 4. GENERAL CONCLUSIONS 
General Discussion 
Weeds, nematodes, soilborne pathogens, and root insects can damage roots and 
reduce vigor subsequently reduce the productivity and survival of strawberry plants, which 
reduce yield.  Implementation of conventional management practices, such as chemical 
application and continuous tillage, reduce pest accumulation, but can also reduce physical 
structure, cause leaching of nutrients, and potentially increase microbial activity in the soil.  
Rotation with cover crops can mitigate weeds and pathogens and alleviate the detrimental 
effects to the soil incurred with conventional management systems. 
The use of crop rotations is well established in Iowa and the Midwest and is observed 
with corn-soybean rotations.  However, published research of cover crops rotated with 
horticultural crops has not promoted grower’s use of rotations because of costs and 
convenience.  This limits changes to conventional management systems to chemical 
applications and continuous tillage, which is unsustainable and destructive to the soil.  
To reduce the costs of cover cropping systems, prairie plants and open pollinated 
flowers can be used as an alternative cash crop for seed production. Cover crops can also be 
established as forage intended for animal consumption or for biomass production for 
biofuels.  
 Previous research has shown rotations with Panicum virgatum, Andropogon gerardii, 
Sorghastrum nutans, and Rudbeckia hirta can increase the yield of strawberry and reduce 
pathogenic nematodes in the soil by increasing biological activity.  Previous research of 
intercropping with Lolium perenne reduced strawberry yield, but also reduced lesion 
nematode counts.  Research with Sorghum bicolor used as a rotation cover crop increased 
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organic matter, improved soil structure, and reduced pathogenic nematodes and fungi.  
Rotation with Tagetes erecta has been shown to reduce endopathogenic nematodes and 
increase yields of strawberry.   
 This previous research of perennial fruit plantings and greenhouse grown strawberry 
plants has shown that cover crops rotated with high-value horticulture crops reduces pest 
accumulation and improves soil characteristics.  Our experiment builds on that previous 
research by providing a long-term field study with cover crops in rotation with strawberry to 
mitigate pest accumulation and increase strawberry growth, while monitoring the influence 
of rotation cover crops on specific soil characteristics.   
The objectives of this study were to compare: 1) soil chemical characteristics 
including NH4-N, NO3-N, P, K, Ca, Mg, pH, EC, organic carbon, and total nitrogen; 2) soil 
physical characteristics including bulk density, macro aggregate mass, and initial water 
infiltration; and 3) soil biological characteristics including mineralized nitrogen, carbon 
utilization, microbial richness, and fungal and bacterial colony forming units (CFU) in plots 
during treatment with continuous tillage, continuous ‘Honeoye’ strawberry, or monoculture 
covers of P. virgatum, A. gerardii, L. perenne, S. nutans, R. hirta, S. bicolor, and T. erecta.  
We continued to monitor and compare these soil parameters in addition to 1) plant density of 
strawberry; 2) yield of strawberry; 3) biomass of weeds; and 4) density of lesion nematodes 
in plots during strawberry production after the soil treatments with continuous tillage, 
continuous ‘Honeoye’ strawberry, or monoculture covers of P. virgatum, A. gerardii, L. 
perenne, S. nutans, R. hirta, S. bicolor, and T. erecta. 
Results show that cropping systems using continuous tillage reduces macro aggregate 
size and alters temperature, aeration, and moisture content, which hastens soil carbon and 
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nitrogen utilization by microorganisms.  Rotation of cropping systems with cover crops 
reduces and, with time, can reverse the detrimental effects of tillage to the soil. Cover crops 
replenish organic carbon and nitrogen and increase macro aggregate size and infiltration 
rates, which decreases erosion even after incorporation with tillage.  
Long-term rotations with cover crops encourage reduced tillage or no-till 
management systems.  Previous research has been conducted on multiple year rotations with 
varying results.  We observed that during nine years of cover crop treatment, plots of R. 
hirta, A. gerardii, P. virgatum, and S. nutans were better suited as cover crops compared to 
continuous tillage, T. erecta, and S. bicolor at providing organic carbon and nitrogen, 
increasing macro aggregate mass, and limiting microbial activity.  We also observed that 
during strawberry production, rotations with cover crops of R. hirta, A. gerardii, P. virgatum, 
and S. nutans maintained organic carbon and nitrogen, lowered bulk density, maintained 
macro aggregate mass, and stabilized microbial activity. 
Results show that plots tilled or rotated with P. virgatum, A. gerardii, S. nutans, or S. 
bicolor had less monocot weed biomass than plots rotated with L. perenne, R. hirta, T. 
erecta, or continuous strawberry over all years.  Plots of continuous strawberry and plots 
rotated with L. perenne had a high amount of dicot weed biomass over all years.  Poorly 
established treatment covers of L. perenne, T. erecta, S. nutans, and R. hirta generally 
resulted in similar weed growth, strawberry plant growth, and strawberry yield compared to 
plots of continuous strawberry and may not be suitable as rotation cover crops with 
strawberry.  
 Plots previously tilled or rotated with P. virgatum, A. gerardii, S. nutans, S. bicolor, 
or T. erecta had fewer strawberry transplant fatalities and greater density and yield of 
72 
 
strawberry than did plots rotated with L. perenne, R. hirta, or continuous strawberry.  Plots 
rotated with L. perenne had high transplant fatality and low yield of strawberry. These results 
suggest replant disease may increase in strawberry production when residues of L. perenne 
are present.  Plots of continuous tillage or rotations with P. virgatum, A. gerardii, and S. 
bicolor had reduced weeds and pathogenic organisms in the soil, which relates to greater 
establishment and yield of strawberry than areas rotated with L. perenne, R. hirta, S. nutans, 
T. erecta, and continuous strawberry production.   
Therefore, we conclude that rotations with certain cover crops should be used in 
strawberry production. Additionally, strawberries should not be continuously grown in the 
same area for many years.  Nor should continuously tillage be implemented to reduce weeds 
and pathogens based upon the destructive nature to the soil.  Among the cover crops 
evaluated in this study, rotation cover crops of P. virgatum and A. gerardii showed the 
greatest potential from the dual tests of soil maintainability, weed pest mitigation, and 
subsequent strawberry production.   
Recommendations for Future Research 
More information is needed on short-term, polyculture, or multiple rotations of cover 
crops as a management technique to improve strawberry production.  Polycultures of 
multiple cover crops that establish quickly and require low inputs should also be researched 
to improve upon current monoculture systems.  In addition, cost analyses of rotations with 
cover crops should be researched and compared to continuous tillage and reflect future 
concerns of increased nutrient additions and soil reclamation that can occur with 
conventional management systems.  Evaluations of cover crops as a cash crop should be 
made, which could subsidize the costs of rotations with specialized horticulture crops.
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APPENDIX 
Appendix Table 1.  Soil exchangeable potassium concentration in plots of continuous 
strawberry, continuous tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Years of establishment: 1997 and 1998; Years of maintenance: 2001 and 2002; Final years: 
2004 and spring 2005 prior to tilling. 
y Mean µg potassium from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 Potassium (µg/g) 
Treatment 
Years of 
establishment z 
Years of 
maintenance z 
Final  
years z 
Continuous strawberry 235y abc 216 ab 367 
Continuous tillage 87 c 147 b 70 
Rudbeckia hirta 143 bc 159 ab 124 
Tagetes erecta 551 a 230 a 114 
Sorghum bicolor 109 c 195 ab 67 
Andropogon gerardii 200 abc 180 ab 230 
Lolium perenne 165 abc 167 ab 114 
Panicum virgatum 390 abc 185 ab 362 
Sorghastrum nutans 525 ab 187 ab 97 
LSDx 393 76 NS 
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Appendix Table 2.  Soil exchangeable phosphorus (Bray P1) concentration in plots of 
continuous strawberry, continuous tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Years of establishment: 1997 and 1998; Years of maintenance: 2001 and 2002; Final years: 
2004 and spring 2005 prior to tilling. 
y Mean µg phosphorus from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 Phosphorus (µg/g) 
Treatment 
Year of 
establishment z 
Year of 
maintenance z 
Final  
years z 
Continuous strawberry 25 y a 29 27 
Continuous tillage 20 abc 21 21 
Rudbeckia hirta 19 abc 28 26 
Tagetes erecta 24 ab 33 28 
Sorghum bicolor 16 c 19 26 
Andropogon gerardii 22 abc 32 19 
Lolium perenne 17 bc 19 14 
Panicum virgatum 22 abc 28 31 
Sorghastrum nutans 21 abc 25 23 
LSDx 7 NS NS 
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Appendix Table 3.  Soil exchangeable calcium concentration in plots of continuous strawberry, 
continuous tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Years of establishment: 1997 and 1998; Years of maintenance: 2001 and 2002; Final years: 
2004 and spring 2005 prior to tilling. 
y Mean µg calcium from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 
 
 
 
 
 
 
 
 Calcium (µg/g) 
Treatment 
Years of 
establishment z 
Years of 
maintenance z 
Final 
years z 
Continuous strawberry 2140 y abc 2822 2347 
Continuous tillage 2267 a 3109 2143 
Rudbeckia hirta 2222 ab 2933 2210 
Tagetes erecta 2047 abc 2556 2087 
Sorghum bicolor 2262 a 2956 2310 
Andropogon gerardii 2008 abc 2726 2273 
Lolium perenne 2320 a 3052 2393 
Panicum virgatum 1883 c 2744 2153 
Sorghastrum nutans 1922 bc 2583 2333 
LSDx 313 NS NS 
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Appendix Table 4.  Soil exchangeable magnesium concentration in plots of continuous 
strawberry, continuous tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Years of establishment: 1997 and 1998; Years of maintenance: 2001 and 2002; Final years: 
2004 and spring 2005 prior to tilling. 
y Mean µg magnesium from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 Magnesium (µg/g) 
Treatment 
Years of 
establishment z 
Years of 
maintenance z 
Final 
years z 
Continuous strawberry 428 y abc 571 483 
Continuous tillage 452 a 605 423 
Rudbeckia hirta 450 ab 591 453 
Tagetes erecta 427 abc 526 433 
Sorghum bicolor 450 ab 610 463 
Andropogon gerardii 393 c 539 443 
Lolium perenne 478 a 622 503 
Panicum virgatum 375 c 536 450 
Sorghastrum nutans 397 bc 526 480 
LSDx 54 NS NS 
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Appendix Table 5.  Soil electrical conductivity in plots of continuous strawberry, continuous 
tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Years of establishment: 1997 and 1998; Years of maintenance: 2001 and 2002; Final years: 
2004 and spring 2005 prior to tilling. 
y Mean EC from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 
 
 
 EC (µS/cm) 
Treatment 
Years of 
establishment z 
Years of 
maintenance z 
Final 
years z 
Continuous strawberry 238 y b 162 293 ab 
Continuous tillage 284 a 181 203 b 
Rudbeckia hirta 237 b 171 253 ab 
Tagetes erecta 218 b 148 250 ab 
Sorghum bicolor 227 b 177 233 b 
Andropogon gerardii 217 b 143 267 ab 
Lolium perenne 220 b 161 277 ab 
Panicum virgatum 207 b 153 330 a 
Sorghastrum nutans 220 b 156 240 ab 
LSDx 35 NS 98 
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Appendix Table 6.  Soil ammonium (NH4) concentration in plots of continuous strawberry, 
continuous tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
z Years of maintenance: 2001 and 2002. 
y Mean µg ammonium from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 Ammonium (µg/g) 
Treatment 
Years of 
maintenance z 
Continuous strawberry 0.98y 
Continuous tillage 1.58 
Rudbeckia hirta 1.62 
Tagetes erecta 1.83 
Sorghum bicolor 0.91 
Andropogon gerardii 1.04 
Lolium perenne 2.15 
Panicum virgatum 1.43 
Sorghastrum nutans 1.65 
LSDx NS 
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Appendix Table 7.  Soil nitrate (NO3) concentration in plots of continuous strawberry, 
continuous tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
z Years of maintenance: 2001 and 2002. 
y Mean µg nitrate from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 Nitrate (µg/g) 
Treatment 
Years of 
Maintenance z 
Continuous strawberry 4.96y 
Continuous tillage 6.13 
Rudbeckia hirta 4.92 
Tagetes erecta 3.60 
Sorghum bicolor 4.32 
Andropogon gerardii 4.68 
Lolium perenne 3.07 
Panicum virgatum 2.66 
Sorghastrum nutans 4.67 
LSDx NS 
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Appendix Table 8.  Soil pH in plots of continuous strawberry, continuous tillage, or plots 
planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Years of establishment: 1997 and 1998; Years of maintenance: 2001 and 2002; Final years: 
2004 and spring 2005 prior to tilling. 
y Mean pH from three experimental units per treatment per year. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
 
 pH 
Treatment 
Years of 
establishment z 
Years of 
maintenance z 
Final 
years z 
Continuous strawberry 6.68 y 7.05 6.27 
Continuous tillage 6.88 7.33 6.21 
Rudbeckia hirta 6.67 7.11 6.17 
Tagetes erecta 6.68 6.98 6.11 
Sorghum bicolor 6.98 7.25 6.15 
Andropogon gerardii  7.13 6.06 
Lolium perenne 6.77 7.15 6.14 
Panicum virgatum 6.70 7.10 5.98 
Sorghastrum nutans 6.80 7.01 6.21 
LSDx NS NS NS 
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Appendix Table 9.  Initial water infiltration in plots of continuous strawberry, continuous 
tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean time from nine experimental units per treatment per year. 
y Means are time (min) for 2.54 cm of water to infiltrate the soil. 
x Means followed by the same letter are not different (p ≤ 0.05). 
 
 Initial water infiltration (min) 
Treatment 2001 2002 2003 2004 
Continuous strawberry 1.48zy d 1.79 bcd 0.18 c 0.39 b 
Continuous tillage 0.94 d 1.19 cd 0.29 c 0.12 b 
Rudbeckia hirta 6.01 abc 0.74 d 0.36 c 0.66 b 
Tagetes erecta 1.52 d 1.17 cd 0.42 c 0.19 b 
Sorghum bicolor 0.35 d 3.32 abc 0.27 c 0.17 b 
Andropogon gerardii 6.40 ab 3.88 ab 2.64 a 2.30 a 
Lolium perenne 3.24 cd 2.23 abcd 1.16 bc 1.24 ab 
Panicum virgatum 8.15 a 4.21 a 1.91 ab 1.44 ab 
Sorghastrum nutans 4.57 3.05 abc 1.74 ab 0.96 ab 
LSDx 2.91 2.24 1.04 1.51 
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Appendix Table 10.  Percentage soil moisture in plots of continuous strawberry, continuous 
tillage, or plots planted to monoculture cover crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean soil moisture of three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 Percentage soil moisture 
Treatment 2001 2002 2004 
Continuous strawberry 15.1z b 17.8 a 16.3 
Continuous tillage 16.6 ab 16.3 ab 14.1 
Rudbeckia hirta 18.9 a 17.7 a 13.6 
Tagetes erecta 18.5 a 16.4 ab 17.0 
Sorghum bicolor 17.7 ab 17.3 a 16.5 
Andropogon gerardii 16.3 ab 12.9 b 15.2 
Lolium perenne 18.3 ab 17.8 a 12.9 
Panicum virgatum 18.2 ab 16.8 ab 15.6 
Sorghastrum nutans 17.7 ab 16.3 ab 15.0 
LSDy 3.3 4.3 NS 
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Appendix Table 11.  Soil ammonium (NH4-N) concentration after the rotation with cover 
crops, continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean µg ammonium from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
  Ammonium (µg/g) 
Treatment 2005 2006 2007 
Continuous strawberry 0.10z 0.20 b 2.68 a 
Continuous tillage 1.41 0.15 b 0.34 ab 
Rudbeckia hirta 0.00 1.64 a 0.00 b 
Tagetes erecta 0.00 0.26 b 0.00 b 
Sorghum bicolor 0.00 0.46 b 0.08 b 
Andropogon gerardii 0.20 0.19 b 0.37 ab 
Lolium perenne 4.80 0.42 b 1.87 ab 
Panicum virgatum 2.77 0.25 b 0.00 b 
Sorghastrum nutans 0.00 0.34 b 0.61 ab 
LSDy NS 1.17 2.35 
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Appendix Table 12.  Soil nitrate (NO3-N) concentration after the rotation with cover crops, 
continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean µg nitrate from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05). 
 
  Nitrate (µg/g) 
Treatment 2005 2006 2007 
Continuous strawberry 22.93z a 14.39 a 5.61 a 
Continuous tillage 5.40 d 11.61 ab 5.40 cd 
Rudbeckia hirta 12.21 abcd 3.62 b 5.53 ab 
Tagetes erecta 6.81 cd 12.70 ab 5.45 bc 
Sorghum bicolor 17.34 abc 5.45 ab 5.33 d 
Andropogon gerardii 5.25 d 11.87 ab 5.45 bc 
Lolium perenne 19.62 ab 9.86 ab 5.53 ab 
Panicum virgatum 6.27 cd 7.91 ab 5.50 bc 
Sorghastrum nutans 10.47 bcd 9.81 ab 5.46 bc 
LSDy 11.35 9.08 0.11 
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Appendix Table 13.  Soil exchangeable potassium concentration after the rotation with cover 
crops, continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean µg potassium from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
  Potassium (µg/g) 
Treatment 2005 2006 2007 
Continuous strawberry 367 140 330 
Continuous tillage 70 294 329 
Rudbeckia hirta 124 87 620 
Tagetes erecta 114 134 237 
Sorghum bicolor 67 267 337 
Andropogon gerardii 230 180 228 
Lolium perenne 114 120 433 
Panicum virgatum 362 167 228 
Sorghastrum nutans 97 240 320 
LSDy NS NS NS 
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Appendix Table 14.  Soil exchangeable phosphorus (Bray P1) concentration in plots after the 
rotation with cover crops, continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean µg phosphorus from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05). NS = not different. 
  Phosphorus (µg/g) 
Treatment 2005 2006 2007 
Continuous strawberry 25z 26 20 
Continuous tillage 21 19 17 
Rudbeckia hirta 31 27 24 
Tagetes erecta 28 23 22 
Sorghum bicolor 27 26 21 
Andropogon gerardii 26 23 20 
Lolium perenne 17 16 16 
Panicum virgatum 21 21 19 
Sorghastrum nutans 25 23 17 
LSDy NS NS NS 
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Appendix Table 15.  Soil exchangeable calcium concentration in plots after the rotation with 
cover crops, continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean µg calcium from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05). NS = not different. 
 
 
 
  Calcium (µg/g) 
Treatment 2005 2006 2007 
Continuous strawberry 2352z 2122 2030 
Continuous tillage 2115 1935 1921 
Rudbeckia hirta 2272 2125 2065 
Tagetes erecta 2042 1932 1887 
Sorghum bicolor 2185 2055 2136 
Andropogon gerardii 2202 2155 2059 
Lolium perenne 2382 2232 2092 
Panicum virgatum 2132 2015 1966 
Sorghastrum nutans 2278 2192 2089 
LSDy NS NS NS 
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Appendix Table 16.  Soil exchangeable magnesium concentration in plots after the rotation 
with cover crops, continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean µg magnesium from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05). NS = not different. 
 
 
  Magnesium (µg/g) 
Treatment 2005 2006 2007 
Continuous strawberry 490z 457 432 
Continuous tillage 430 423 417 
Rudbeckia hirta 470 460 447 
Tagetes erecta 437 427 415 
Sorghum bicolor 460 457 487 
Andropogon gerardii 453 450 433 
Lolium perenne 517 490 485 
Panicum virgatum 443 433 430 
Sorghastrum nutans 483 477 462 
LSDy NS NS NS 
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Appendix Table 17.  Soil pH in plots after the rotation with cover crops, continuous 
strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean pH from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
  pH 
Treatment 2005 2006 2007 
Continuous strawberry 5.92z b 5.85 5.70 
Continuous tillage 6.03 ab 6.01 5.70 
Rudbeckia hirta 6.08 ab 6.03 5.67 
Tagetes erecta 5.94 ab 5.84 5.53 
Sorghum bicolor 6.03 ab 6.11 5.87 
Andropogon gerardii 6.00 ab 5.99 5.70 
Lolium perenne 6.02 ab 6.03 5.60 
Panicum virgatum 6.12 a 6.02 5.73 
Sorghastrum nutans 6.05 ab 5.88 5.73 
LSDy 0.20 NS NS 
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Appendix Table 18.  Soil electrical conductivity in plots after the rotation with cover crops, 
continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean EC from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05).
  EC (µS/cm) 
Treatment 2005 2006 2007 
Continuous strawberry 290z a 157 a 233 a 
Continuous tillage 173 c 113 b 220 ab 
Rudbeckia hirta 227 abc 123 ab 223 ab 
Tagetes erecta 187 bc 123 ab 203 ab 
Sorghum bicolor 247 ab 127 ab 157 b 
Andropogon gerardii 180 bc 127 ab 200 ab 
Lolium perenne 270 a 143 ab 267 a 
Panicum virgatum 180 bc 117 b 210 ab 
Sorghastrum nutans 220 abc 143 ab 200 ab 
LSDy 71 34 68 
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Appendix Table 19.  Percentage soil moisture in plots after the rotation with cover crops, 
continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean percentage soil moisture from three experimental units per treatment per year. 
y Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
  Percentage soil moisture 
Treatment 2005 2006 2007 
Continuous strawberry 14.1z a 20.9 16.6 a 
Continuous tillage 10.5 c 19.7 13.4 cd 
Rudbeckia hirta 12.2 abc 20.4 14.9 abc 
Tagetes erecta 11.2 bc 20.0 14.0 bc 
Sorghum bicolor 11.9 abc 19.5 12.3 d 
Andropogon gerardii 12.0 abc 21.4 14.1 bc 
Lolium perenne 13.9 a 21.9 15.3 ab 
Panicum virgatum 11.8 abc 21.0 14.9 bc 
Sorghastrum nutans 13.2 ab 22.1 14.2 bc 
LSDy 2.3 NS 1.7 
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Appendix Table 20.  Initial water infiltration in soil after the rotation with cover crops, 
continuous strawberry, or continuous tillage. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
z Mean time from three experimental units per treatment per year. 
y Means are time (min) for 2.54 cm of water to infiltrate the soil. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
  Initial water infiltration (min) 
Treatment 2005 2006 2007 
Continuous strawberry 2.26zy 0.83 0.34 ab 
Continuous tillage 5.00 3.12 0.43 a 
Rudbeckia hirta 4.17 0.85 0.16 c 
Tagetes erecta 3.53 2.41 0.26 bc 
Sorghum bicolor 6.04 2.76 0.21 bc 
Andropogon gerardii 3.84 2.94 0.26 bc 
Lolium perenne 2.45 0.99 0.32 ab 
Panicum virgatum 4.94 1.53 0.13 c 
Sorghastrum nutans 6.73 1.57 0.23 bc 
LSDx NS NS 0.13 
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Appendix Table 21.  Percentage cover of weeds in plots of continuous strawberry, continuous tillage, or plots planted to 
monoculture cover crops.   
 
 
 
 
 
 
 
 
 
z Mean percentage cover of weeds in nine, 0.25-m2 experimental units per treatment per year. 
y Data previously published in Summers, 1999. 
x Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 Percentage cover of weeds 
Treatment 1997y 1998y 2000 2001 2002 
Continuous strawberry 54z d 91 ab 100 a 67 33 bc 
Continuous tillage 58 d 4 d 100 a 57 60 abc 
Rudbeckia hirta 57 d 78 b 95 a 68 76 ab 
Tagetes erecta 68 cd 37 c 60 bc 80 83 a 
Sorghum bicolor 94 ab 13 d 50 c 50 42 abc 
Andropogon gerardii   70 b 70 70 abc 
Lolium perenne 100 a 100 a 70 b 83 90 a 
Panicum virgatum 79 bc 15 d 12 d 32 25 c 
Sorghastrum nutans 95 ab 83 b 75 b 75 86 a 
LSDx 16 15 18 NS 49 
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Appendix Table 22.  Density of monocotyledonous weeds after the rotation with cover crops, continuous tillage, or continuous 
strawberry from 2005, 2006, and 2007. 
 
 
 
 
 
 
 
 
 
z Mean of variable in nine, 0.25-m2 experimental units per treatment. 
y Means followed by the same letter are not different (p ≤ 0.05). 
 Density of monocot weeds (plants/0.25-m2) 
 2005 2006 2007 
Treatment June July Aug May Aug May Aug 
Continuous strawberry 159 bc 7 c 11 a 12 b 16 ab 22 abc 11 a 
Continuous tillage 52 de 7 c 1 d 7 b 6 bc 14 bc 1 c 
Rudbeckia hirta 324 a 8 c 9 ab 9 b 24 a 14 bc 3 bc 
Tagetes erecta 231 b 16 ab 7 bc 5 b 7 bc 12 bc 8 ab 
Sorghum bicolor 170 bc 16 a 8 ab 5 b 12 bc 14 bc 6 bc 
Andropogon gerardii 104 cd 7 c 1 d 3 b 7 bc 16 abc 5 bc 
Lolium perenne 179 bc 10 bc 4 cd 30 a 24 a 30 ab 3 c 
Panicum virgatum 28z e 7 c 1 d 3 b 4 c 33 a 12 a 
Sorghastrum nutans 171 bc 9 c 2 d 4 b 8 bc 7 c 11 a 
LSDy 76 5 4 11 10 18 5 
 
94 
95 
 
 
Appendix Table 23. Density of dicotyledonous weeds after the rotation with cover crops, continuous tillage, or continuous 
strawberry from 2005, 2006, and 2007. 
 
 
 
 
 
 
 
 
 
z Mean of variable in nine, 0.25-m2 experimental units per treatment. 
y Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 Density of dicot weeds (plants/0.25-m2) 
 2005 2006 2007 
Treatment June July Aug May Aug May Aug 
Continuous strawberry 26z ab 10 ab 8 a 10 ab 12 a 15 a 8 
Continuous tillage 6 c 5 cd 1 c 1 c 1 c 1 c 7 
Rudbeckia hirta 20 abc 6 bc 2 c 10 ab 4 bc 4 bc 6 
Tagetes erecta 32 a 2 de 2 c 3 bc 4 bc 4 bc 4 
Sorghum bicolor 8 bc 1 e 2 c 1 c 2 c 3 bc 7 
Andropogon gerardii 18 abc 6 bc 3 bc 3 bc 2 c 3 bc 4 
Lolium perenne 8 bc 11 a 6 ab 11 a 7 b 7 b 5 
Panicum virgatum 27 a 7 abc 4 bc 2 c 3 c 3 bc 6 
Sorghastrum nutans 36 a 5 cd 4 bc 3 bc 2 c 3 bc 5 
LSDy 19 4 3 7 3 5 NS 
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Appendix Table 24.  Total percentage cover of weeds after the rotation of cover crops, continuous tillage, or continuous strawberry 
in 2005, 2006, and 2007. 
 
 
 
  
 
 
 
 
 
z Mean of variable in nine, 0.25-m2 experimental units per treatment. 
y Means followed by the same letter are not different (p ≤ 0.05).
 Total percentage weed cover (0.25-m2) 
 2005 2006 2007 
Treatment June July Aug May Aug May Aug 
Panicum virgatum 28z b 14 abc 15 de 4z d 7 c 15z cd 31 cd 
Sorghum bicolor 13 c 8 c 17 de 4 d 9 c 12 cd 46 bc 
Andropogon gerardii 26 b 12 abc 21 de 7 d 8 c 15 cd 39 bcd 
Continuous tillage 8 c 14 abc 6 e 6 d 5 c 4 d 24 d 
Tagetes erecta 26 b 10 bc 22 cde 13 cd 18 bc 12 cd 32 cd 
Sorghastrum nutans 27 b 12 abc 36 bc 19 c 13 bc 16 cd 49 b 
Rudbeckia hirta 37 a 9 bc 30 bcd 38 b 25 b 18 bc 30 cd 
Continuous strawberry 26 b 14 abc 73 a 39 b 47 a 49 a 69 a 
Lolium perenne 22 b 17 a 44 b 65 a 44 a 30 b 49 b 
LSDy 8 7 18 12 14 14 17 
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Appendix Table 25.  Density of nematodes in strawberry roots after rotation with cover crops, tillage, or continuous strawberry. 
 
 
 
 
 
 
 
 
 
z Mean number of nematodes per g dry strawberry roots in three experimental units per year.  
y Means followed by the same letter are not different (p ≤ 0.05). 
 
 
Nematode density (no./g) 
Treatment 2005 2006 2007 
Continuous strawberry       0.00z b        2.45 b 0.86 
Continuous tillage       1.43 ab        0.29 bc 1.19 
Rudbeckia hirta       0.26 b        0.00 c 0.00 
Tagetes erecta       1.24 ab        0.19 bc 1.06 
Sorghum bicolor       6.31 a        0.26 bc 0.00 
Andropogon gerardii       0.47 ab        0.00 c 16.26 
Lolium perenne       3.74 ab        5.08 a 1.11 
Panicum virgatum       0.00 b        0.58 bc 0.76 
Sorghastrum nutans       0.13 b        0.28 bc 0.00 
LSDy       6.01        2.36 NS 
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Appendix Table 26.  Initial transplant death in 2005 after the rotation with cover crops, tillage, or continuous strawberry. 
 
 
 
 
 
 
 
 
 
z Mean number of dead plants per row (13 plants) nine experimental units per year.  
y Means followed by the same letter are not different (p ≤ 0.05). 
 2005 
Treatments Transplant death 
Continuous strawberry 0.3z c 
Continuous tillage 0.3 c 
Rudbeckia hirta 1.4 b 
Sorghum bicolor 0.3 c 
Tagetes erecta 0.2 c 
Andropogon gerardii 0.8 bc 
Lolium perenne 3.1 a 
Panicum virgatum 0.6 bc 
Sorghastrum nutans 0.6 bc 
LSDy 0.9 
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Appendix Table 27.  Leaf, petiole, crown, and root biomass of strawberry after rotation with cover crops, tillage, or continuous 
strawberry in 2005. 
 
 
 
 
   
 
 
  
z Mean of variable in nine experimental units per treatment 
y Means followed by the same letter are not different (p ≤ 0.05).  NS = not different. 
 
Leaf Petiole Crown Root  
Treatment Area (cm2) Weight (g) Count Weight (g) Weight (g) Weight (g) 
Continuous strawberry 417z bc 3.7 ab 7 b 1.3 bc 4.4 3.1 
Continuous tillage 649 a 5.0 a 10 a 2.2 a 5.5 3.5 
Rudbeckia hirta 389 bc 3.1 bc 7 b 1.2 bc 3.4 3.0 
Sorghum bicolor 437 b 3.6 ab 7 b 1.3 bc 3.8 2.7 
Tagetes erecta 653 a 3.9 ab 8 ab 1.9 ab 5.2 2.8 
Andropogon gerardii 472 ab 3.7 ab 8 ab 1.6 ab 4.1 2.8 
Lolium perenne 225 c 2.0 c 6 b 0.7 c 2.6 2.5 
Panicum virgatum 355 c 2.6 bc 6 b 1.1 bc 3.3 3.1 
Sorghastrum nutans 529 ab 3.9 ab 8 ab 1.6 ab 4.6 3.4 
LSDy 204 1.6 3 0.8 NS NS 
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Appendix Table 28. Leaf, petiole, crown, and root biomass of strawberry after rotation with cover crops, tillage, or continuous 
strawberry in 2006. 
 
 
 
 
 
 
 
 
 
 
z Mean of variable in nine experimental units per treatment 
y Means followed by the same letter are not different (p ≤ 0.05). 
Leaf Petiole Crown Root 
Treatment Area (cm2) Weight (g) Count Weight (g) Weight (g) Weight (g) 
Continuous strawberry 280z ab 2.2 ab 5 b 1.1 b 7.8 ab 2.6 ab 
Continuous tillage 265 ab 2.2 ab 5 b 1.1 b 8.4 ab 2.3 ab 
Rudbeckia hirta 264 ab 2.0 ab 4 b 1.0 b 5.9 b 1.7 b 
Sorghum bicolor 238 b 1.8 ab 4 b 0.9 b 5.6 b 2.1 ab 
Tagetes erecta 400 a 3.0 a 8 a 1.7 a 11.5 a 3.0 a 
Andropogon gerardii 326 ab 2.4 ab 5 b 1.2 ab 7.4 ab 2.0 ab 
Panicum virgatum 276 ab 1.8 ab 5 b 1.0 b 5.2 b 1.9 ab 
Lolium perenne 206 b 1.7 b 4 b 0.7 b 4.0 b 2.0 ab 
Sorghastrum nutans 257 ab 2.0 ab 5 b 0.9 b 7.5 ab 2.4 ab 
LSDy 145 1.2 2 0.5 4.9 1.2 
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Appendix Table 29.  Leaf, petiole, crown, and root biomass of strawberry after rotation with cover crops, tillage, or continuous 
strawberry in 2007. 
 
 
 
 
 
 
 
 
z Mean of variable in nine experimental units per treatment 
y Means followed by the same letter are not different (p ≤ 0.05). NS = not different. 
 
Leaf Petiole Crown Root 
Treatment Area (cm2) Weight (g) Count Weight (g) Weight (g) Weight (g) 
Continuous strawberry 120z c 1.0 b 5 ab 0.5 b 3.2 1.6 
Continuous tillage 206 bc 1.8 ab 7 a 0.7 ab 3.4 1.2 
Rudbeckia hirta 265 ab 2.2 a 6 ab 0.9 ab 2.2 1.0 
Sorghum bicolor 344 a 2.7 a 7 a 1.2 a 3.1 1.4 
Tagetes erecta 236 abc 2.0 ab 5 ab 0.9 ab 2.7 1.2 
Andropogon gerardii 224 abc 1.9 ab 6 ab 0.8 ab 3.4 1.6 
Lolium perenne 241 abc 2.0 ab 5 ab 0.9 ab 2.0 1.1 
Panicum virgatum 202 bc 1.8 ab 4 b 0.7 b 3.3 1.2 
Sorghastrum nutans 256 ab 2.0 ab 6 ab 0.8 ab 2.9 1.5 
LSDy 132 1.2 2 0.5 NS NS 
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